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A B S T R A C T
Following an introduction on calixarene chemistry and their metal-ion complexes 
including some o f their applications, the aims o f  the work are described.
Thus, this thesis concerns an investigation on the solution properties o f p - t e r t - 
butylcalix(4)arene tetraketone derivatives and their metal-ion complexes.
Macrocycles such as 5,ll,17,23-teti*a-torf-butyl-25,26,27,28-tetra(benzoyl)methoxy 
calix(4)arene and 5,11,17,23-tetra-terZ-buty1-25,26,27,28-tetra(acetoyl)methoxy calix(4) 
arene are structurally (*H NM R and X-ray crystallography) and thermodynamically 
(solubility, calorimetry) characterised. The complexing abilities o f these ligands for metal 
cations are investigated by a variety o f techniques.
To obtain information about the active sites o f the ligand in its interaction with metal 
cations, lH NM R studies were performed. Conductance and U V  spectrophotometric 
measurements were used to establish the composition o f the metal-ion complexes in 
dipolar aprotic media. Potentiometric and calorimetric measurements were carried out to 
derive the thermodynamic parameters o f complexation o f />-terf-butylcalix(4)arene 
tetramethyl ketone and metal-ions in acetonitrile at 298.15 K. This ligand shows the 
highest affinity for calcium amongst all the investigated metal cations.
The medium effect on the complexation process involving metal cations and calixarene 
derivatives is quantitatively assessed using as an illustrative example the interaction o f p -  
ter/-butylcalix(4)arene tetraphenyl ketone and the sodium cation. Thus, detailed 
thermodynamics o f this system is reported taking into account the solution properties o f 
the reactants and the product in various solvents and in acetonitrile / N,N- 
dimethylformamide solvent mixtures. In these mixtures a linear relationship is observed 
between the stability constant and the solvent composition. The strength o f complexation 
decreases from MeCN through the mixtures to pure DMF. However in terms o f the 
enthalpy o f complexation, only small variations are found between the values in different 
mixtures.
The complexation and solution data for the reactants and the product are used to calculate 
the standard co-ordination enthalpies as a means o f checking the reliability o f the data. 
Based on stability constant data, two metal-ion complexes were isolated.
X-ray diffraction data shows that /?-ter£-butylcalix(4)arene tetraphenyl ketone hosts the 
sodium cation in its hydrophilic cavity where it is coordinated by four ethereal oxygen 
atoms and four carbonyl oxygen atoms. One molecule o f  acetonitrile is found in the 
hydrophobic cavity o f the ligand with the CH3 end pointing inward.
The crystal structure o f the cadmium and acetonitrile /?-ter£-butylcalix(4)arene tetramethyl 
ketone complex shows that the metal ion is coordinated by four ethereal oxygen atoms o f 
the ligand and only by three carbonyl oxygens. The eight coordination site is provided by 
the nitrogen atom o f the molecule o f acetonitrile which is present in the hydrophobic cavity 
o f calixarene derivative with the CN end pointing inward.
Conclusions and suggestions for further research in this area are given.
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1. IN T R O D U C T IO N
‘J u s t  a s  th e r e  is  a  f i e l d  o f  M o le c u la r  C h e m is t ry  b a s e d  o n  th e  c o v a le n t  b o n d , th e r e  is  a f i e l d  o f  
S u p r a m o le c u la r  C h e m is try , th e  c h e m is t r y  o f  m o le c u la r  a s s e m b lie s  a n d  o f  th e  in t e r m o le c u la r  
b o n d . '
- J e a n -M a r ie  L e h n
The concept and the term ‘ Supramolecular Chemistry’ were introduced in 1978 by Jean- 
Marie Lehn1. It is an interdisciplinary field o f science covering the chemical, physical and 
biological features o f the chemical species o f greater complexity than molecules themselves 
which are bound and organised by intermolecular (non-covalent) interactions. It has also been 
defined as the ‘ chemistry beyond the molecule’ , referring to the organised units o f higher 
complexity that result from the association o f two or more chemical species held together by 
intermolecular forces2.
The field started with the selective binding o f alkali-metal cations by natural as well as by 
synthetic macrocyclic and macropolycyclic ligands and it has grown extensively in the last 
decades as assessed by the increasing number o f publications, books, journals and 
conferences. Macrocyclic complexes are distinguished by a specific arrangement o f binding 
sites, which control their coordination environment and stereochemistry. They display 
remarkable and often unique stabilities and selectivities. A  wide range o f macrocyclic 
compounds (ligands) capable o f complexing cations, anions and neutral species has now been 
synthesised or isolated from natural sources. Among the synthetic macrocyclic ligands are the 
crown ethers -  discovered by Pedersen in 19673’4, the cryptands -  discovered by Lehn in 1969 
5 ,6  and the spherands -  discovered by Cram in 19747 ' 9. These are shown in Fig. 1.1. They are 
able to interact with charged and uncharged species due to the presence o f molecular holes or 
cavities. The strength o f these interactions and the selectivity o f the ligands towards different 
‘guests’ depend on the size o f the cavity, the nature o f the donor atoms and the functional 
groups o f the ligand and its conformation. Typical donor atoms are oxygen, nitrogen or 
sulphur. Phosphorus, arsenic or silicon are much less common.
1
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The complexation properties o f these ligands have been extensively studied. 1 0 ,1 1 The forces 
which contribute to the stabilisation o f the complexes formed between macrocyclic hosts and 
guests are o f a non-covalent nature. A  powerful tool for the study o f host-guest interactions in 
solution is thermodynamics. The thermodynamics o f these systems are included in a series o f 
review articles12 ' 14, in which stability constants (log Ks), standard Gibbs energies (ACG°) 
enthalpies (ACH°) and entropies (ACS°) o f complexation o f macrocyclic ligands with metal and 
organic cations in a wide variety o f solvents are listed. In general the most stable complexes 
are formed when the maximum number o f solvent molecules solvating the metal cations are 
replaced by the coordination atoms o f the ligand.
The complexation process between the macrocyclic ligand and the cation can be represented 
by eq.l.
M n+ (s) +  L (s )------> M n+L (s) (1)
Another group o f macrocyclic ligands are the calixarenes. Instead o f a single two-dimensional 
hole (crown ethers) or three-dimensional cavity (cryptands), calixarene structures are more 
complex. Some o f them can possess two different cavities able to interact at the same time 
with different species.
Since the work discussed in this thesis involves complexation processes involving 
calix(4 )arene derivatives and metal cations, an introduction to calixarene chemistry is first 
given.
2
1.1. History o f Calixarenes
More than fifty years ago, in 1944 Alois Zinke and Erich Ziegler presented in B e r i c h te  d e r  
D e u ts c h e n  C h e m is c h e n  G e s e lls h a ft15 a new compound, obtained by the reaction between p -  
tert-butylphenol and formaldehyde in the presence o f a base. These authors assigned this 
compound as a cyclic tetrameric structure which is called today /?-/e?t-butylcalix[4]arene16  
(Fig. 1.2). However, the Zinke products proved to be mixtures17 whose preparation was 
capricious.
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Fig.1.2. Structure and numbering o f ^-tor/-butylcalix[4]arene or 5,ll,17,23-tetra-(l,l- 
dimethylethyl)-25,26,27,28-tetrahydroxy-calix[4]arene.
These problems were not overcome until the late 1970’s when Gutsche showed that by careful 
control o f the reaction conditions, good yields o f pure compounds o f various ring sizes16 could 
be obtained. At present the easy one-step preparations o f the cyclic tetramer, the hexamer and 
the octamer from /?-fert-butylphenol and formaldehyde (Scheme 1) make these materials 
extremely attractive for host-guest studies.
3
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R R
y?-alley 1 phenol p-alkyl calix [4] arene
n = 4,6,8
Scheme 1. Single step synthesis o f calixarenes
From Gutsche’s investigations it is now known that calix[8 ]arenes are formed by the direct 
method (Scheme 1) in the presence o f low concentrations o f alkali and at relatively low 
temperature using xylene as a solvent. Calix[6 ]arenes are obtained as a major product at the 
same temperature, but using nearly a tenfold amount o f alkali; and finally calix[4]arenes are 
obtained by the use o f low alkali concentration but at a rather high temperature using diphenyl 
ether as a solvent. Under these conditions /?-/er/-butylcalix[4]arene ‘pure enough for further 
use’ can now be prepared in 61% yield, according to the literature18.
Calix[5]arenes and calix[7]arenes have also been prepared1 9 ,2 0 but at present these are much 
less investigated than the cyclic tetramer, the hexamer and the octamer. Calixarenes with up to 
sixteen phenol units have been detected by HPLC analysis but many o f these larger rings have 
not been isolated and characterised21.
The name ‘calixarene’ for these cyclic oligomers was introduced by Gutsche in 198716. This 
term was chosen (i) to describe the shape o f the cyclic tetramer and refers to the compound in 
the ‘cone’ conformation and (ii) its resemblance in shape to a type o f Greek vase called a 
‘ calix crater’ . Since 1987 this nomenclature has been applied to all phenol and resorcinol- 
derived compounds, even in cases where the calix is no longer descriptive o f the shape. The 
last part o f the name ‘arene’ is related to the presence o f aromatic rings in the structure o f 
these compounds. A  bracketed number, indicating the number o f benzene units, is inserted 
between ‘calix’ and ‘ arene’ . The position and type o f substituents are indicated by prefixes 
positioned before the word ‘ calix’ . More sophisticated derivatised structures are systematically 
named according to the IUPAC nomenclature. An example o f a calixarene structure named in 
an abbreviated and systematic way is presented in Fig. 1.2.
4
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1.2. Stereochem ical Properties
Although the primary purpose o f this thesis is to describe cation complexation o f 
calixarene derivatives, it is appropriate to discuss briefly some aspects o f molecular shape and 
conformation since these properties are directly related to their complexing characteristics.
A ll parent calixarenes, containing free hydroxy groups are conformationally mobile in solution 
at room temperature. Rotation about the Ar— CH2— Ar bonds can bring the OH groups 
through the centre o f the macrocyclic ring. Four different conformations have been found for 
T>-ter/-butylcalix[4]arene in solution17 as shown in Fig. 1.3.
B R B B
Partial cone
B B
1,3 Alternate
R
1,2 Alternate
Fig.1.3. Conformations o f calix[4]arenes
The number o f possible conformations grows considerably with the flexibility o f the phenolic 
units in their structures22. Thus, calix[5]arenes can adopt four u p/dow n  conformations, the 
same number as calix[4]arenes, while calix[6 ]renes can assume eight conformations and 
calix[8 ]arenes can adopt sixteen conformations.
5
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Kammerer2 3  and Munch2 4  suggested that the cyclic tetramer, p-ter/-butylcalix[4] arene exists 
preferentially in a ‘cone’ conformation in which the methylene protons are in non-identical 
environments. The IR spectrum shows that /?-ter/-butylcalix[4] arene exhibits intramolecular 
hydrogen bonding formed by the lower rim phenolic hydroxy groups.
With /?-ter/-butylcalix[5]arene there is again a preference for a cone-like conformation, 
however the intramolecular hydrogen bond interaction2 5  is weaker than in the cyclic tetramer. 
Two main conformations have been identified in the solid state for p - t e r t -butyl calix[6 ]arenes, 
one in which all six hydroxy groups are on the same rim o f the molecule and a second one in 
which three adjacent hydroxy groups are situated on opposite rims26. In solution, these 
molecules are conformationally mobile at ordinary temperatures on the NMR time scale27.
As far as the cyclic octamer is concerned, p - te r t -h u ty l calix[8 ]arene shows lH NM R 
characteristics that are almost identical to those o f the cyclic tetramer in aprotic solvents (non­
hydrogen bonding solvents). This similarity between calix[8 ]arene and calix[4]arene 
disappeared by changing the solvent used (chloroform was replaced by pyridine28). Therefore 
this similarity was attributed to the ability o f solvent to act as a hydrogen or non-hydrogen 
bonding solvent. The X-ray structure o f /?-/er/-butylcalix[8 ]arene2 9 ,3 0  showed that in the solid 
state, the molecule exists in an essentially flat form known as a ‘pleated-loop’ conformation.
1.3. Physical Properties o f Calixarenes
1.3.1. Melting points of calix[n]arenes
Calix[n]arenes are characterised by high melting points due to the strong hydrogen bond 
formation between the lower rim’s hydroxyl groups. However the nature o f the substituent in 
the ^ -position o f the calixarene ring can have a pronounced effect on the melting point o f a 
compound. It has been reported that some o f the calix[6 ]arenes produced from /?-«-alkyl- 
phenols (ranging from /?-«-octyl to /?-«-octadecyl) have melting points as low as 110°C31. 
Table 1.1 shows the melting points o f some calix[n]arenes.
6
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Table 1.1. Melting points ofp-ter£-butylcalix[n]arenes (n = 4-10)
Oligomer Melting point [°C]
/?-/er/-butylcalix[4]arene18 342-344
/?-te/7-butylcalix[ 5 ] arene19 310-312
p-ter£-butylcalix[6 ] arene3 2 380-381
p-ter£-butylcalix[7] arene2 1 331
/?-ter£-butylcalix[8 ] arene33 411-412
/?-tert-butylcalix[9] arene3 4 317-318
j?-fer/-butylcalix[ 1 0 ] arene3 4 308-310
Derivatisation o f the lower rim o f calixarenes can greatly affect the melting point generally 
lowering it. The tetramethyl and tetrabenzyl ethers o f £>-ter£-butylcalix[4] arene melt at 226- 
228 and 230-231°C respectively. But there are exceptions; the trimethylsilyl ether o f the same 
calixarene melts at 411-412°C, and the tetraethanoate at 383-386°C.
1.3.2. Solubilities of calixarenes
The parent calixarenes are almost insoluble in water and show low solubility in many 
organic solvents, which drew the attention o f many researchers. However, also in the case o f 
solubility, the p-alkyl groups in a calixarene affect their solubility. As it is expected, the long- 
chain alkyl groups in ^ -positions increase their solubility in organic solvents.
Conversion o f calixarenes into esters or ethers generally increases their solubilities in organic 
solvents.
Table 1.2 displays the solubilities o f ;?-ter/-butylcalix[n]arenes (n — 4, 6 , 8 ) in various solvents 
at 298.15 K 35.
7
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Table 1.2 Solubilities o f /?-/ett-butylcalix[n]arenes (n = 4, 6 , 8 ) in various solvents at 
298.15K35
solvent p - t e r t -
butylcalix[4] arene
p - t e r t -
butylcalix[6 ] arene
p - t e r t -
butylcalix[8 ] arene
MeOH 5.90 x 1CT4 < 1 0 ' 5
EtOH 3.30 x lO 4 < 1 0 ' 5
DMF 1 . 1 0  x 1 0 ' 3 2.20 x 1 O' 3
MeCN 4.73 x 10' 5 1.68x1 O' 5
CHCI3 4.34 x 10' 3 6.23 x 10' 3
PhCN 9.47 x 10-4 5.55 x 10' 3 . 1.14 x 10' 2
n-Hex 2 . 1 2  x lO4 2.51 x lO ' 5
PhN0 2 1.83 x lO ’ 2 2.26 x 1 0 ' 2 2.57 x 10' 3
Abbreviations: MeOH, methanol; EtOH, ethanol; DMF, N,N-dimetliylformamide; MeCN, acetonitrile; 
CH3C1, chloroform; PhCN, benzonitrile; n-Hex, n-hexane; PhN02, nitrobenzene
Derivatisation o f calixarenes can alter their solubilities even rendering them soluble in water. 
This was first achieved by Ungaro and co-workers in 198436. The tetracarboxymethyl ether o f 
p-ter/-butylcalix[4]arene (Fig. 1.4 a) is soluble in water to the extent o f 5 x 1CT4  mol dm'3. 
Calixarenes containing 4-8 aromatic rings and carrying carboxyl groups attached to the p- 
positions have been prepared by Gutsche e t a/ 3 7 ,3 8  (Fig. 1.4 b, c) and found to have solubilities 
o f ca . 1 0 ' 3 mol dm' 3 in dilute aqueous base.
Fig. 1.4. Water-soluble calixarenes
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Even more soluble than the carboxycalixarenes are the sulfonated calixarenes prepared by 
Shinkai and co-workers39,40 in 1984. They reported the /?-sulfonato calix[4], [6] and [8]arenes 
(Fig. 1.4 d) whose solubilities are at least as great as 0.1 mol dm'3.
1.3.3. N M R  spectra
Because o f the symmetry o f the cyclooligomers their spectra, regardless o f ring size are not 
complex. In the case o f /?-terf~butylcalix[4]arene, the 13C NM R spectra recorded in C D CI3 at 
298 K  consist o f four resonance lines arising from the aromatic carbons, one from the 
methylene carbons and two from the terf-butyl carbons.
The [H N M R  spectra o f the symmetrically substituted calixarenes are similarly uncomplicated. 
For the jp-/er/-butylcalix[4] arene at room temperature, the resonances o f the aromatic, the t e r t -  
butyl and the hydroxyl protons are singlets while the CH2 protons show a pair o f doublets. 
This is generally the most useful aspect o f the spectrum because it determines their 
conformation. However, this applies only to calixarene in a ‘cone’ conformation. In the ‘ 1,3- 
alternate’ conformation, all the signals appears as singlets, while in the ‘partial cone’ 
conformation the t e r t-butyl protons show three singlets, the CH2 shows two pairs o f doublets 
and the aryl protons -  two singlets and two doublets or four singlets. In the ‘ 1, 2-alternate’ 
conformation the spectrum shows one singlet, one singlet and two doublets and two singlets 
respectively for the t e r t -b u ty l , the methylene and the aryl protons41.
It was first shown by Kammerer that the spectrum o f a calix[4]arene in chloroform at 293 K  
displays a pair o f doublets which collapse to a singlet when the temperature is raised to 333 K. 
Ungaro e t  a l36 assigned the higher field doublet to the equatorial protons (closer to the 
aromatic rings) and the lower field doublet to the axial protons (closer to the hydroxyl groups). 
The NM R characteristics for calix[8]arenes are similar- to those o f the calix[4]arenes in 
non-hydrogen bonding solvents. However differentiation between the calix[4] and [8]arenes 
can be achieved by studying the signal from the bridging methylene protons. In solvents which 
do not interfere with the intramolecular H-bonding, such as deuterated chloroform, the 
coalescence temperature (Tc) was found to be approximately 321 IC for both calixarenes, while 
in pyridine, the Tc for the calix[4]arene is about 15° lower and that for ealix[8]arene falls to 
about 180 K. These are believed to be due to the intramolecular H-bonding disruption caused 
by the solvent28.
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Calix[n]arenes (n = 4,5,8) all display a pair o f doublets for the bridging methylene hydrogens 
in non-polar solvents at 298 K. However, the X-ray crystallographic data show that in the 
solid state calix[4]- and -[5]arenes exist in the ‘cone’ conformation while the calix[8]arene in a 
‘pleated loop’ conformation in which the alternating up-down arrangement o f the aryl units 
confers non-equivalence on the methylene hydrogens. At low temperatures, p - t e r t -butyl 
calix[6] arene shows three pairs o f doublets for the methylene hydrogens, indicating that, in 
solution, the conformation is less symmetrical than in the solid state. As far as the 
calix[7]arenes are concerned, these macrocycles have even more complicated spectra and 
show at least six non-equivalent methylene protons due to their flexibility which led to a lack 
o f symmetry relative to other calixarenes.
1.3.4. Infrared spectra
The low frequency o f the stretching vibration o f the OH groups shows a particular 
distinctive feature o f the calixarenes. This low frequency which ranges from c a  3150 cm'1 for 
the cyclic tetramer to c a  3300 cm'1 for the cyclic pentamer with the other oligomers falling 
between these limits27, is attributed to the very strong intramolecular hydrogen bonding in the 
calix[4]-, -[6]-, and -[8]arenes. The calix[5]arene possesses a more open ‘cone’ conformation 
than the calix[4]arene, and the calix[7]arene possesses an interrupted ‘pleated loop’ 
conformation in comparison with the completed ‘pleated loop’ conformation o f calix[8]arene. 
As a consequence the calix[5]- and calix[7]arenes are somewhat more weakly 
intramolecularly hydrogen-bonded. Tobiason and coworkers43 using FTIR measurements 
confirmed the intramolecular character o f the hydrogen bonding and showed that this is 
strongest for the cyclic tetramer and weakest for the cyclic pentamer.
The ‘ fingerprint’ region o f the IR spectra o f the calixarenes all look quite similar to one 
another, especially between 1500 and 900 cm'1. In the 500-900 cm'1 region, however, there are 
some pattern variations that might be useful as a characterisation tool.
1.3.5. Ultraviolet spectra
The ultraviolet spectra o f calixarenes have a pair o f maximum absorption near 280 and 288 
nm. The ratio o f the intensity at these two wavelengths is a function o f the ring size, ranging 
from 1.30 to 0.75 for the calix[4]arenes and calix[8]arenes respectively as shown in Table 1.3.
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Table 1.3 Absoiptivities (smax, mol' 1 cm'1) o f calixarenes in chloroform and in dioxane at 280 
and 288 nm.
R g ro u p R ing
size
280 ±  1 nm 288 ±  1 nm Solvent
All ter/-butyl4 4 4 9,800 7,700 CHC13
All methyl2 7 4 10,500 8,300 Dioxane
Me & /er/-butyl4 5 5 14,030 14,380 Dioxane
All ter/-butyl4 4 6 15,500 17,040 CHCI3
Me & terAbutyl4 6 6 17,210 17,600 Dioxane
A ll t e r t -butyl4 4 7 18,200 20,900 CHCI3
Me & t e r t -butyl2 7 7 19,800 20,900 Dioxane
All /erAbutyl4 4 8 23,100 32,000 CHCI3
1.4. Calixarene Derivatives
Calixarenes are particularly attractive ligands to host metal ions because o f their chemical
architecture. Some o f the more important general features o f calixarenes that can be used to
design ligands for individual applications are listed below.
i) The calixarene framework can be regarded as a platform with two rims that can be 
separately modified with different functional groups
ii) The cavity size for encapsulation o f the metal cation can be modified by changing the 
value o f n in the calix[n]arene
iii) Both, the number and the geometrical arrangement o f the ligating groups can be varied 
to accommodate the particular coordination properties o f the metal ion
iv) The calixarene framework has sufficient flexibility that it can be conformationally 
adapted to a preferred cavity size and shape
11
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v) Separate chemical modification to each rim can be used to incorporate ligating groups 
on one rim while groups that confer desired solubility characteristics can be 
incorporated on the other rim
vi) The selective incorporation o f different functional groups 0 1 1  each rim can be used to 
synthesise calixarenes that can selectively complex dissimilar species on these rims
Calix[n]arenes are usually prepared with tert-b\ ity\ groups on the p a r a  positions o f the 
aromatic rings in order to induce condensation reactions at the o r th o  positions o f the phenol 
group and therefore prevent the formation o f insoluble polymers. However, the removal o f 
these groups can be achieved by reacting the p a r a  substituted calixarenes with aluminum 
trichloride47,48. These calixarenes can then be used for the preparation o f a broad range o f 
derivatives. The modification o f the upper rim can be used to prepare ligands that are soluble 
in water (see section 1.3.2.) or to effect their immobilisation on polymeric supports49.
The lower rim o f calix[n]arenes can also be independently modified. The presence o f 
phenolic hydrogens in the lower rim has opened the possibility for the synthesis o f a series o f 
derivatives such as esters, ketones, amines, amides and others (Fig. 1.5.). Preparation o f new
• * • 22 35calixarene derivatives is a challenge for many chemists in many countries ’ .
a b c d
R -  CH3, C2H5, C(CH3)2, C6H5 
Fig.1.5 . p  -ter/-Butylcalix(n)arene derivatives: a -  ester, b -  ketone, c -  amide, d -  amine
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Generally, derivatives containing ‘hard’ donor atoms (for example oxygen) are expected to 
complex strongly alkali and alkaline-earth metal cations while calixarenes with ‘soft’ donor 
atoms like sulphur or nitrogen are expected to show better selectivity for transition metal 
cations. The former ligands were first obtained and investigated by Ungaro36,50,51 by Chang 
and Cho52 and by McKervey and co-workers53,54. Derivatives containing aliphatic as well as 
acyclic amines were designed and reported by Danil de Namor and co-workers55,56. The 
amino functional groups in the lower nm provide a suitable site for interaction with toxic 
metal cations (Cd2+, Pb2+ and Hg2+) and discriminate against alkali and alkaline-earth metal 
cations. This weakening o f the strength o f interactions with the latter was achieved by 
adding additional CH2 group between the ethereal oxygen and the nitrogen donor atoms of 
the calixarene derivative leading to an increase o f the distance between the donor atoms o f 
the ligand.
Calixarenes containing phosphorus as soft donor atoms have been shown to complex 
transition57, lanthanide and actinide metal cations58,59. Calix[4]arenes having sulphur donor 
atoms in the lower rim have been found to complex heavy metal cations60.
1.5. Industrial Applications o f Calixarenes
Due to the novelty o f the whole field, it is not possible, however, to state and cover all 
industrial processes. A  good account on the industrial uses o f these macrocycles has been 
given by Perrin61. However in the past few years several patents have been published62,63. 
Some o f these applications are discussed as follows,
i) Recovery o f caesium
The oldest patent concerning non-modified calixarenes is that for the recovery o f caesium 
from solutions o f nuclear waste materials64. The process involves three liquid phases o f 
which the first one (aqueous) contains Cs+ cations, the second phase involves a non-aqueous 
solvent, immiscible with water (namely dichloromethane and carbon tetrachloride 
containing /?-/er/-butylcalix[8]arene) and the third phase is deionised water. The second 
phase acts as a liquid membrane allowing the metal cations to migrate from the first phase 
to the third one. The rate o f transport for the caesium cation for this system from water 
appears to be about 100 times higher than that for Li+, Na+, K+, Ca2+ and Sr2+ (as 
hydroxides).
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ii) Separation o f neutral organic molecules
Calixarenes are able to complex neutral organic molecules and this has led Perrin and 
coworkers65 to use p-alkylcalixarenes for the separation o f the isomeric xylenes. The most 
striking results concern the specificity o f /?-isopropylcalix[4]arene for /?-xylene and p -  
isopropyl-bis-homooxacalix[4] arene for o -xylene.
iii) Recovery o f uranium
It has also been shown by Shinkai and co-workers66 that calixarenes enable the recovery o f 
uranium. The hexacid derivative (Fig 1.6.) is the most effective extracting agent among the 
modified calixarenes. It extracts 97.4% and 99.8% o f uranium from aqueous solutions at pH 
= 8.1 and pH = 10 respectively.
CH3
I
Fig. 1.6. Calix(6)arene acid derivative for the recovery o f uranium
iv) Selective extraction o f metal cations
The ability o f the calix(4)arene derivatives to extract selectively metal cations has been 
investigated by McKervey and co-workers54, by Ungaro and co-workers 67, by Danil de 
Namor and co-workers68 and many other research groups. The calix(4)arene esters and 
ketones (Fig. 1.5, a, b) appeared to be selective for the sodium cation while the ligands 
containing ‘softer’ donor atoms such as nitrogen or sulfur are capable to complex also 
precious, heavy metal and lanthanide cations. Some selected and representative examples o f 
these ligands are shown on Fig. 1.7.
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Fig.1.7. Calix[4]arene derivatives with nitrogen or sulfur containing functional groups.
Experiments carried out in water -  dichloromethane solvent system using ligand a69 shows 
that this ligand not only extracts sodium (55 %) but also silver (64 %), gold (36 %), mercury 
(31 %) and to a lesser extent europium (7 %) cations.
The extraction o f metal-ion picrates from aqueous solutions to dichloromethane using 
tetradiethylacetamide (b; R=C2Hs) and its thioamide analogue (c; R=C2Hs) was investigated 
by McKervey e t  a f 4 and the appropriate data are shown in Table 1.4.
Table 1.4. Extraction o f metal-ion picrates (in %) from the aqueous solution to 
dichloromethane by amide and thioamide calix[4]arene derivatives at 293.15 K
compound Na+ K+ Ag+ Ca2+ Cu2+ Pb2+ A u3+
c; R=C2H 5 95.5 74 100 98 11.8 99.7 59.5
d; R=C2H5 3.8 5.9 94 1.9 59.6 99.2 -
It is apparent from the above Table that the thioamide calixarene no longer extracts alkali or 
alkaline-earth metal cations but efficiently extracts transition and heavy metal cations from 
the aqueous phase.
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p-ter/-Butylcalix[4] arene tetradiisopropylacetamide (b; R=CH(CH3 )2)70 has shown the 
extracting ability to remove Pb2+ from the aqueous into the organic phase (butan-l-ol 
saturated with water) and to a lesser extent Cd2+ at pH = 1. The same ligand was also used 
to extract radioactive metal cations from water (pH = 1) to butan-l-ol70. It has shown 
selective extraction for 208Pb2+ over other radioactive metal cations which have been 
investigated (201T1+, 201T13+, m In3+ and 67Ga3+).
v) Ion selective electrodes
The ester and ketone derivatives o f calix[4]arene which show selectivity for the sodium 
cation relative to other alkali-metal cations have been used for the design o f sodium 
selective electrodes by Diamond71. PVC based membrane electrodes containing tetramethyl 
and tetraethyl esters as well as tetramethyl and /-butyl ketones are at least 100 times more 
selective for sodium than for lithium, potassium, caesium and calcium.
Calixarenes containing soft donor atoms such as thioether72 and thioamides73 have showed 
to be good receptors for silver and lead and therefore these ligands have been used for the 
preparation o f ion-selective membranes for the detection o f these cations74,75,
Many more examples o f the use o f calixarene derivatives as potentiometric sensors and 
optical sensors have been given by Diamond and McKervey76.
vi) Therapeutic and biologically active calixarenes
Calixarene based compounds have shown anti-bacterial, anti-fungal, anti-cancer, anti-viral 
and particularly anti-HIV activity77. AZT (3 ’-azido, 2 \  3’ dideoxythymidine) is probably 
the most widely used compound to combat the HIV virus by inhibiting its function. Thus 
physical properties such as low water solubility for drug absoiption, compound stability, 
toxicity and the vims ability to become drug resistant, have led into simpler and cheaper 
alternatives. Thus, Fig. 1.8. shows representative examples o f calixarene derivatives that 
have been patented77.
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X -  electron withdrawing group e.g. N 0 2, CN, C 02H 
Ri, R 2 -  various alkali-metal ethanoates
Fig. 1.8. Calixarene based compounds with anti HIV activity
vii) Further applications of calixarenes
Calixarenes can be used for many other purposes such as antioxidants for organic polymers. 
Seiffarth has shown that the non-modified calixarenes were efficient inhibitors of polyolefin 
oxidation78.
They can also work as phase transfer agents. The calix[4]arene tetraethylester derivative 
was found to improve significantly the yield of production the nucleophilic displacement of 
bromide by ethanoate or by azide in acetonitrile61.
Several patents claim the use of certain modified calixarenes as accelerants for 
cyanoacrylate instant adhesives79. These additives render the adhesive capable of bonding 
porous substrates such as paper, leather, fabrics and woods. For example, it has been shown 
by Harris7 9  that when ethylcyanoacrylate (stabilised with 10 ppm BF3) is used as the base, 
adhesive formulation with the modified calix[4]arene (Fig. 1.5. b; R = C6H 5) reduces the 
fixture time on copy paper to less than 1 second while it would take about 60 seconds 
without the additive.
Other applications for calixarene derivatives involve their use as catalysts in hydrolysis 
reactions8 0 or in making stable monolayer films which were found to be hard and heat 
resistant .
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1.6. C alixarene D erivatives C o n ta in ing  C arbonyl G roup  in th e ir  L ow er Rim
The earliest examples of lower rim substituted calixarenes investigated for their 
complexation properties are the ethyleneoxy compounds (Fig.1.9)47’82,83 which show only a 
modest degree of cation binding capacity.
Y = (CH2CH20 ) nR'
Fig.1.9. Calixarene ether derivative
R
Much more effective than the simple ethers in most cases are the members of a family of 
compounds with the structure shown in Fig. 1.10. These have been studied by a number of 
groups in recent years35.
R
Y = OH (acids)
R' (ketones) 
OR' (esters) 
N R 2' (amides)
Fig.1.10. Calixarene derivatives containing carbonyl groups
Information concerning the ability o f complexing of these ligands towards different metal 
cations were collected and given by Danil de Namor et a f 5. Stability constants and derived 
standard Gibbs energies mainly with alkali-metal cations in acetonitrile, methanol and 
benzonitrile at 298.15 K were presented together with their enthalpies and entropies of 
complexation.
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The earliest studies concerning the cation binding properties of a series o f chemically 
modified calixarenes produced by attaching various carbonyl containing groups to the 
calixarene substructure through the etheral oxygen atom were performed by various 
groups36’50'54.
These investigations involved: i) phase transfer (extraction) o f alkali-metal cations from 
aqueous solution into dichloromethane ii) stability constant measurements for selected 
complexes in MeOH and MeCN iii) transport studies of selected cations across a 
hydrophobic liquid membrane.
1,6.1. Extraction of metal cations by calixarene derivatives
The phase transfer extraction experiments for ester derivatives carried out by Amaud-Neu 
et a/54 show that the cyclic tetramers, pentamers and hexamers extract all o f the alkali-metal 
cations. As the size of the hydrophilic cavity increases the extracting ability for the largest 
cations increases. Thus, the sodium cation is best extracted by the tetramer, while the 
pentamer is a good extracting agent for Rb+ and Cs+, As far as the hexamer is concerned, 
among the alkali-metal cations, Cs+ is best extracted from water to the organic phase. 
However it should he noted that as the flexibility of the ligand increases from n = 5 to 6, 7, 8 
the extraction ability o f the ligand decreases. Thus, the cyclic heptamer and octamer are not 
effective extracting agents.
These statements are shown in Fig. 1.11. where the percentages o f cation extracted from 
an aqueous solution into dichloromethane containing /?-tor/-butylcalix[n] arene (n = 4 -  8) 
ethyl ester are presented.
Similar behaviour to that observed for the ester derivatives was also found for the ketone
• 41series .
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Fig. 1.11. Percentage cation extraction from an aqueous neutral alkali metal picrate solution 
into dichloromethane by p-/er/-butylcalix[n]arene ethyl esters of various degrees 
of condensation 84
Functional groups with other types of donor sites have also been introduced as pendent arms 
in calixarenes.
Amides are the compounds containing both nitrogen and oxygen donor atoms. Calixarene 
derivatives with amide functional groups show a high level of extraction for alkali-metal 
picrates from water into organic phase but other cations are also extracted85. The percentages 
of the metal cations extracted from an aqueous solution to dichloromethane by several p-tert- 
butylcalix(4)arene amide derivatives are listed in Table. 1.5.
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Table 1.5. Extraction percentages of alkali-metal and strontium cations as picrates from 
water to dichloromethane by calix(4)arene amide derivatives at 293.15 K85.
R Li+ Na+ K+ Rb+ Cs+ Sr2+
Ethyl 62.5 95.5 73.7 24.0 11.8 86.3
Pyrrol 47.8 91.1 57.5 16.1 12.2 72.1
Propyl 71.6 95.0 79.6 33.3 9.7 78.5
Benzyl 36.5 79.8 56.1 14.4 11.5 27.9
Data presented in Table 1.5 show that all the amide tetramers have the same behaviour as 
the ester and the ketone /?-te/7-butylcalix(4)arene series and show preference for Na+. 
However calix(4)arene amide derivatives have also a strong affinity for alkaline-earth metal 
cations whereas there is no evidence for ester and ketone derivatives to extract these cations.
While the oxygen atoms in the lower rim of the ligand are believed to be responsible for 
their interaction with alkali and alkaline-earth metal cations, the presence of nitrogen donor 
atoms makes these calixarenes able to extract other cations such as Ag+, Pb2+ and Cd2+. 
Replacement of the carbonyl groups of the /?-ter/-butylcalix(4)arene amides by thiocarbonyls 
to give the corresponding thioamide derivatives leads to drastic changes in the extraction 
capability of these compounds (Fig. 1.12)
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Fig. 1.12. Extraction percentages of selected metal picrates from water to dichloromethane 
by p-ter/-butylcalix(4)arene tetradiethylamide and the corresponding thioamide 
(data from ref. 84).
It can be concluded from Figure 1.12 that unlike amides, thioamide derivatives hardly 
extract the alkali and the alkaline-earth metal cations. Although a significant decrease in the 
percentages of extraction are observed for some heavy and transition metal cations, the 
thioamide appears to be selective for Ag+ and Pb2+ whereas the amide derivative is more 
efficient but not at all selective. This switch from efficient extracting agents for alkali and 
alkaline-earth metal cations to heavy metals is consistent with the change from hard 
oxygen-based binding groups to soft sulphur-based binder and demonstrates the very wide 
range of extracting ability that can be achieved with simple chemical modifications in the 
calixarene structure.
A detailed study on the extraction of metal cations by calixarene derivatives has been 
recently carried out by Danil de Namor et a/68,86 taking into account all the processes 
occuring in the water -  organic phase system. It has been pointed out35 that when the 
extracting ability of the ligand towards different metal cations is discussed, knowledge
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about the ion-pair formation of the free and complexed salts is required. This will depend on 
the concentrations of the ligand and salt as well as the nature of the counter-ion used in 
these investigations. For the extraction process involving ionic species in water (M+, X- ) 
and the macrocycle in the organic phase (L) to give the associated ion-pair complex in the 
non-aqueous phase (eq.2),
M \ H 20) + X '( H 20) + L(s)— ^~+M L X (s) (2)
the individual processes contributing to the overall extraction of 1:1 electrolytes from water 
(saturated with the organic phase) to the solvent s (saturated with water) in the presence of 
ligand, can be discussed using the following Scheme68,
+ Ks(HoO) ,
M (H2 0 ) + X (H2 0 ) + L (H2 0 )— - ►ML  (H2 0 ) + X"(H 2 0)
Kr
Ko
MX (s)
K-pL
M (s) + X (s) + L (s)
Ks(s)
Kp L = 1
Ko
+ L(s) .........
Scheme 2
K'r
■ ML (s) + X (s)
K'„
MLX(s)
In the above Scheme, Kp, K ’p and KpL are the partition constants of the free and the complex 
electrolyte and the ligand respectively in the mutually saturated solvents, Ka and K’a denote 
the ion-pair formation constants between the free and the complex cation with the anion in 
the water saturated organic phase and Ks(H20 ), Ks(s) and Kassn are the stability constant in 
water (saturated with the organic phase), in the organic solvent 5 (saturated with water) and 
the association constant respectively. It should be noted that the parameters in mutually 
saturated solvents may differ significantly from those in the pure solvents.
The extraction constant, IQX (eq. 2) can be expressed in terms of the parameters for the 
individual processes using two ways, i) The ligand may interact with the metal cation in the 
water saturated organic phase and in such a case Ke* is given by
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Kex = Kp X Ks (s) x K ’a (s) (3)
ii) The ligand interacts with the ion-pairs in the organic phase (saturated with water) and the 
extraction constant is expressed as,
Rex Kp x Ka x Kassn Kd x Ka (4 )
where Kd is the constant for the distribution process involving the metal ion salt, MX, from 
water (totally dissociated) to the organic phase in the absence of the ligand (fully associated). 
These values calculated from the experimental data for the processes involving ethyl p-tert- 
butylcalix(4)arene tetraethanoate and alkali-metal picrates (MPi) in the water -  
dichloromethane68 and the water -  benzonitrile86 solvent systems are listed in Table 1.6.
Table 1.6. Individual processes contributing to the overall extraction of alkali-metal cations 
by ethyl p-ter/-butylcalix(4)arene tetraethanoate in the mutually saturated H20  -  
CH2 CI2  and H20  -  PhCN solvent systems at 298.15 K
K,x= KpKs(s)K 5a Kex Kd Kassn
Solvent System Kp Ks(s)K’a K,x Kd Kassn
LiPi 4.8 x 10'6 6.5 x 1010 3.1 x 105 4.0 7.8 x 104
H20  -  CH2Cl2a NaPi 2.4 x 10's 5.0 x 10u 1.2 x 107 8.0 1.5 x 106
KPi 4.5 x 1(T5 1.8 x 1010 8.3 x 105 11.7 7.1 x 104
RbPi 6.2 x 10‘5 5.6 x 109 3.4 x 105 12.0 2.8 x 104
CsPi 1.0 x 10'4 4.8 x 109 4.8 x 105 12.7 3.8 x 104
LiPi 2.0 x 10"2 3.5 x 107 7.0 x 105 39.4 1.8 x 104
H20  -  PhCN b NaPi 4.5 x 10'1 1.4 x 108 6.2 x 107 325.1 1.9 x 105
a T'.. _  rn n rc
KPi ,
bn___
6.2 x 10'1 2.5 x 106 1.6 x 106 291.1 5.4 x 103
The fact that the Ks (s)K’a (s) values presented in Table 1.6 are greater than Kassn may suggest 
that the individual process involved in eq. 3 are more likely to take place in the selective 
extraction of alkali-metal picrates by the /?-tert-butylcalix(4)arene tetraethyl ester.
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1.6.2. Thermodynamics of complexation of lower rim functionalised calixarenes
The most precise and widely used parameter to describe the affinity of a receptor for a cation 
in a given solvent is the stability constant (log Ks).
Stability constants for the complexation of cations by calix[n]arenes functionalised at the 
lower rim have been reported mainly for alkali-metal cations54. Thermodynamic parameters 
o f complexation for many calixarene derivatives with metal cations were reviewed and 
discussed by Danil de Namor et a/35.
The term ‘stability constant’ is sometimes used to describe association rather than 
complexation. Therefore, it is important to define carefully the parameters relating to the 
complexation process35.
The stability constant, (log Ks) and the derived standard Gibbs energy, ACG°, the enthalpy, 
AcH° and the entropy, ACS° of complexation of lower rim calixarene derivatives, L, and 
cations, Mn+, in various solvents (s) refers to the process given by eq. 1.
The thermodynamic stability constant, Ks (molar scale) is defined by eq. 5 in which a and y 
denote activity and activity coefficients, respectively
g  _  ^ M “+L _  ~  \ M K+L ] ^
s [M "+]y ±Mnf fL lr L ~ [ M n+m
Activity coefficients in eq. 5 can be omitted for relatively diluted solutions because in such a 
case Yl = 1 and y±MLn+ = y±Mn+- However these must be considered for the processes 
involving charged (particularly multicharged) ligands. In solvents of low dielectric constants, 
such as chloroform, where ion-pair formation becomes important it is common to define an 
‘association constant’, Kassn, which refers to the process involving ion-pairs rather than free 
ions3 5  (eq. 6 ).
M+X“(S) + L (s) —» ML+X"(s) (6 )
Therefore it is important not to confuse Kassn and Ks as they refer to two different processes.
The stability constants of several ester and ketone calixarenes with alkali-metal cations were 
first reported by McKervey et a /54.
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Table 1.7. Logarithms of the stability constants of alkali-metal cation complexes of 
calixarene derivatives at 298.15 K in various solvents
MeOH
Li+ Na+ K+ Rb+ Cs+ Ag+
n = 4
R = Et 2 . 6 5.0 2.4 3.1 2.7 4.0
Li+ Na+
MeCN
K+ Rb+ Cs+ Ag+
n = 4
R = Et 6.4 5.8 4.5 1.9 2 . 8 2.5
n = 6 3.7 3.5 5.1 4.8 4.3 4.2
R = Et
Li+ Na+
+ 1
v ic=o
1R
MeOH
K+ Rb+ Cs+ Ag+
R = Me 2.7 5.1 3 ! 3.6 3,1 4.7
R = t-Bu 1 . 8 4.3 5.0 1 . 6 < 1
Li+ Na+
MeCN
K+ Rb+ Cs+ Ag+
5* 1! 3 CD 5.8 5.6 4.4 1.7 3.7 2.4
rESP*IIp4 6.3 6 . 1 5.1 4.5 5.6
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The authors concluded that in methanol all the tetramers display a peak selectivity with a
The tetramethyl ketone binds all alkali-metal cations stronger than the tetraethyl ester, in 
agreement with the more basic character of the ketonic carbonyl group87.
It was reported that among the alkali-metal cations in acetonitrile, the lithium complex was 
the most stable. However, it should be noticed that the log Ks values were obtained using UV 
spectrophotometry method which is suitable for the determination of relatively low stability 
constants (log Ks < 6 ). The values obtained in acetonitrile for lithium and sodium cations are 
too high to be accurately measured by this method.
The most detailed thermodynamic study for the calixarene ester derivatives and the alkali- 
metal cations in acetonitrile and benzonitrile at 298.15 K was earned out by Danil de Namor 
Qt a /88, hi this study the stability constants have been determined by several methods, 
particularly for lithium and sodium. Methods of stability constant determination presented in 
the literature include potentiometry, UV and visible absorption and fluorescence 
spectrophotometry, NMR spectroscopy, titration calorimetry and conductimetry35. The former 
method is often considered the most accurate, particularly for stable metal-ion -  ligand 
complexes. In this method the measured potential difference is proportional to the logarithm of 
the metal-ion activity (concentration). Using the electrode which is sensitive to a selected metal 
cation it is possible to determine even low concentrations of this ion. Therefore, potentiometric 
measurements are more sensitive to changes in the extent of complexation when the 
complexation is nearly complete and the free metal ion concentration is low.
Thermodynamic parameters of complexation for several calixarene ester derivatives with 
metal cations are presented in Table 1.8. Enthalpies of complexation have been measured by 
titration calorimetry. Gibbs energies and entropies of complexation have been calculated 
using eqs. 7 and 8  respectively.
maximum for Na+ while the hexaethyl ester prefers the bigger cations such as K+ and Rb+.
ACG° = -  RT In Ks (7)
(8 )
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Table 1.8. Thermodynamic parameters for the complexation of alkali-metal cations and alkyl 
(methyl, ethyl, n-butyl) />-ter/-butylcalix(4)arenetetraethanoates in acetonitrile 
and benzonitrile at 298.15 K8 8
cation logK s Method ACG° / k j mol' 1 ACH° / kJ mol ' 1 ACS °/J K ' 1 mol ' 1
Methyl p-/er/-butylcalix(4)arene tetraethanoate 
Acetonitrile
Li+ 5.61 Pot. -32.02 -37.80 -19.4
Na+ 6.97 Pot. -39.79 -63.00 -77.8
K+ 4.01 Microcal. -22.89 -40.63 -59.4
Rb+ 2.25 Microcal. -12.84
Benzonitrile
-9.89 9.9
Li+ 5.45 Avg. pot. and 
microcal.
-31.11 -47.02 -53.4
Na+ '6.78 Pot. -38.70 -41.08 -8 . 0
K+ 2.70 Microcal. -15.41 -21.34 -19.9
Ethyl p-/er/-butylcalix(4)arene tetraethanoate
Acetonitrile
Li+ 6 . 1 0 Avg. pot. and 
cond.
-35.39 -48.78 -44.9
Na+ 7.68 Pot. -43.81 -69.20 -85.1
K+ 4.04 Microcal. -23.06 -45.75 -76.1
Rb+ 2.05 Microcal. -11.70
Benzonitrile
-23.34 -39.0
Li+ 5.49 Avg. pot. and 
microcal.
-31.34 -57.20 -86.7
Na+ 7.57 Pot. -43.27 -50.70 -24.9
K+ 3.51 Microcal. -20.04
Methanol3
-23.21 - 1 0 . 6
Li+ 2 . 6 Spect. -14.84 5.05 66.7
Na+ 5.0 Spect. -28.5 -45.60 -57.2
K+ 2.4 Spect. -13.70 -14.22 -1.7
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n-butyl /?-/er£-butylcalix(4)arene tetraethanoate 
Acetonitrile
Li+ 6 . 2 1 Pot. -35.45 -46.30 -36.4
Na+ 7.67 Pot. -43.78 -67.80 -80.6
K+ 2.05 Microcal. -11.67 -26.91 -51.0
Benzonitrile
Li+ 6.09 Pot. -34.76 -56.70 -73.6
Na+ 7.44 Pot. -42.47 -50.70 -27.6
K+ 3.48 Microcal. -19.86 -24.30 -14.9
a From ref. 89
As far as the complexes of calix(4)arene ester derivatives with lithium and potassium in 
MeCN and PhCN at 298.15 K are concerned, reasonable agreement was found between log 
Ks values derived from different methods (UV spectrophotometry, conductimetry and 
calorimetry) when these are not greater than 6.5 35. However, the log Ks values for Na+ with 
the ethyl ester calix(4)arene derivative in acetonitrile at 298.15 K determined by the double 
competitive potentiometric method8 8  differs from that obtained by UV spectrophotometry 
(see Table 1.7.). The stability constant of this system determined by direct potentiometric 
titration using a sodium selective electrode was found to be about 2.3 log units greater than 
the value derived from UV spectrophotometry and it was close to that derived from the 
double competitive potentiometric method.
These findings indicate that for very stable complexes (K>106) UV spectrophotometry is not 
a suitable enough method for the determination of the stability constant of metal-ion 
complexes.
The enthalpies of complexation in all solvents listed above are negative. The processes are 
enthalpically stabilised but entropically destabilised. In tenns of enthalpy, the contribution of 
this term to the Gibbs energy of the process is dominant relative to the entropic contribution. 
In acetonitrile and methanol the greatest enthalpy and entropy losses are found for the 
complexes of highest stabilities (Na+ and the various calix(4)arene esters) as shown in Table 
1.8. In benzonitrile, the enthalpy term is again dominant, however the most negative
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enthalpies are found for the lithium complexes. Stability in terms of enthalpy decreases with 
an increase of the size of the cation. Also the highest destabilising effect of the entropy is 
found for the smallest cation in this solvent at 298.15 K88.
It has been reported in the literature by McKervey et al90 that calixarene esters do not 
complex alkaline-earth metal cations to any significant extent. However, this statement was 
based on experimental data carried out in MeOH. In fact, the strength o f complexation of 
macrocycles is strongly dependent on the solvent in which the process takes place. Thus, it 
has been shown that the ethyl ester calix(4)arene is able to recognise selectively alkaline- 
earth metal cations in MeCN in the following sequence Ca2+ > Sr2+ > Ba2+ > Mg2+ 91.
Marcos Qt al92 investigated complexation properties of two ketone derivatives, tetraphenyl 
ketones of /?-/er/-butyldihomooxacalix[4]arene (a) and p-ter/-butylcalix[4] arene (b) 
(Fig. 1.13.). Stability constants for the former ligand and alkali and alkaline-earth metal 
cations were determined using UV absorption spectroscopy in methanol and acetonitrile at
298.15 K. The binding abilities of these ketone calix(4)arenes towards these cations were 
evaluated on the basis o f the data derived from UV titrations, extraction and transport 
experiments.
(a) (b)
Fig.1.13. The tetraphenyl ketone o f /?-/er/-butyldihomooxacalix[4]arene (a) and the 
tetraphenyl ketone of /?-/er/-butylcalix[4]arene (b)
It was found that a forms 1:1 complexes with all alkali and alkaline-earth metal cations in 
MeOH and MeCN. The stability constants are presented in Table 1.9. together with the 
stability constants for b and alkali-metal cations in MeCN determined by McKervey et a l54.
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Table 1.9. Logarithms of the stability constants of calix(4)arene ketones and alkali and 
alkaline-earth metal complexes at 298.15 K.
Solvent Ketone Li+ Na+ K+ Rb+ Cs+ Mg2+ Ca2+ Sr2+ Ba2+
MeOH (a) 2.3 3.7 4.0 3.7 2 . 2 4.0 4.0 4.5 4.9
MeCN (a) 3.6 3.2 3.4 3.9 4.1 4.4 - - 5.0
(b) 6.3 6 . 1 5.1 4.5 5.6 - - - -
The values of log Ks summarised in Table 1.9. show that there is no clear selectivity o f a 
within the alkali and the alkaline-earth metal series, but more substantial bivalent/monovalent 
cation selectivity is observed. In acetonitrile, the stability constants for the alkaline-earth 
metal cations are higher than those obtained for the alkali-metal cations. In methanol, the 
highest stability within the alkali-metal cations was observed for potassium and the log Ks 
value was found to be approximately the same to those obtained for calcium and magnesium. 
The Sr2+ and Ba2+ complexes of a appeared to be even stronger. According to the data 
presented in Table 1.9, the tetraketone a seems to show preference for the barium cation in 
both solvents at 298.15 K. However no significant selectivity was found between this ligand 
and the cations discussed above.
Ketone b is a stronger binder than ketone a for all the alkali-metal cations. Comparison 
between the log Ks values for alkaline-earth metal cations and these ketone derivatives is not 
possible due to the unavailability of stability constant data for ketone b and these cations in 
this solvent.
As stated before, alkali and alkaline-earth metal cations can be extracted by calixarene amide 
derivatives. Stability constants of calix(4)arene amides and alkali and alkaline-earth metal 
cations in MeOH and in MeCN at 298.15 K have been determined and the values are listed in 
Table. 1.10. Enthalpy data for these systems at the same temperature determined by classical 
titration calorimetry have been reported by Amaud et al85 and they are also included in the 
Table.
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Table 1.10. Thermodynamic parameters of complexation of calix[4]rene amide derivatives 
with alkali and alkaline-earth metal cations in MeOH and MeCN at 298.15 K . 3 5
L Mn+ Solvent Log Ksa AG0 
kJ mol' 1
AcHoa 
kJ mol' 1
A,S°
J K'feiol' 1
Li+ MeOH 4.1 (3.9b) -2 2 . 2 -7 50
MeCN >8.5 -48.4 -55 > - 2 2
Na+ MeOH 7.9 -45.0 -50.6 - 2 0
MeCN >8.5 -48.4 -79 >-103
/rS 1 K+ MeOH 5.8b -33.1 -42.4 -31
r r S lov MeCN >8,5 -48.4 -64 >-52
C = 0 Rb+ MeOH 3.8 (3.8b) -2 1 . 6 -17.5 13
N E t2 MeCN 5.7 -32.5 -37.2 -17
Cs+ MeOH 2.5 (2.4b) -14.0 -9 17
(a)
MeCN 3.5 -19.9 -26 - 2 0
Mg2+ MeOH 1 .2 b
Ca2+ MeOH IV -51.3 -25 > 8 8 . 2
Sr2+ MeOH IV -51.3 - 1 0 > 138.6
Ba2+ MeOH 7.2 b -41.0 2.5 144
( $ 4
r 0
N (C H j)4
Li+ MeOH 3.00b -17.1 6 77
Na+ MeOH 7.20b I 4^ ►—A o -34.4 23
K+ MeOH 5.4b -30.8 -32.6 - 6
Rb+ MeOH 3.10
(3.0b)
-17.1 - 1 1 2 0
Mg2+ MeOH 1 .2 b
(b) Ca2+ MeOH
x>CO -44.5 -1 0 . 0 116
Sr2+ MeOH 8 .1 b -46.2
Ba2+ MeOH 6 .8 b -38.8 7.7 156
aRef. 85 bRef. 93
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Both ligands, jp-/er/-butylcalix(4)arene tetradiethylamide (a) and y?-ter/-butylcalix(4)arene 
tetrapyrrolidinylamide (b) show preference for sodium in the alkali series in methanol at
298.15 K. In both solvents, the complexation process is enthalpy controlled for all the cations 
except Li+ in MeOH. The most negative values are found for sodium. The entropy values 
may be favourable (AcS° > 0) as in the case of Rb+ with both ligands, Cs+ with a and Na+ 
with b or unfavourable (ACS° < 0) in other cases. The formation of the Li+-a complex is 
accompanied by favourable enthalpy and entropy terms but the ACG° is entropy controlled. 
With ligand b , the complexation process is entropy driven since the ACH° value shows that 
ACH° > 085. Among the alkali-metal series, Li+ is the best solvated cation in MeOH9 4  and 
therefore its desolvation upon complexation is greater than for other alkali-metal cations. 
This results in a gain o f entropy in the case o f lithium upon complexation with b in methanol 
at 298.15 K.
With both ligands and alkaline-earth metal cations, the complexation process is entropy 
controlled. Stabilisation also results from the favourable enthalpy terms for the Ca2 +-a, Sr2+-a 
and Ca2+-b complexes. These cations form the most stable complexes among all the alkali 
and alkaline-earth metal cations with these amide derivatives in methanol at 298.15 K. The 
absolute enthalpy value however is much lower than for the complexation o f a and b with the 
alkali-metal cations. The entropy term plays an important role in the complex stability (hence 
the Gibbs energy) involving alkaline-earth metal cations and these ligands in methanol.
Generally speaking for complexation processes involving ester and amide calix[4]arene
derivatives and alkali-metal cations (Tables 1.8. and 1.10.), it can be concluded that: 3 5
i) These are enthalpy controlled with the exception of Li+-tetraethyl ester, Li+-
tetradiethylamide and Li+- tetrapyrrolidinylamide in MeOH at 298.15 K
ii) An exothermic maximum is observed for the complexation of the calix(4)arene esters
and amides with sodium in MeOH and MeCN.
iii) Stability constants show that these ligands form stronger complexes in MeCN than in
MeOH or PhCN, except for the potassium calix(4)arene n-butyl ester, which is more
stable in PhCN.
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iv) The ACH° values for alkali-metal cations and these ligands show that these processes 
are enthalpically more stable on progressing from the methyl to the ethyl ester and to 
the tetradiethylamide. This may be due to the increase in the basicity of the carboxyl 
oxygens of the ligands along the series methoxy<ethoxy<N,N diethylamino.
v) The more negative complexation enthalpies in MeCN override the contribution o f the 
less favourable complexation entropy term, with the exception of the complexation of 
lithium with the ester derivatives in PhCN.
vi) In PhCN, the enthalpy term is again dominant and there is a size effect as far as 
enthalpies are concerned, with the highest stability for lithium and the lowest for 
potassium.
These different trends in enthalpies o f complexation observed for the complexation of 
calix(4)arene esters with alkali-metal cations in acetonitrile and in benzonitrile (see Table 
1.8) were explained by Danil de Namor et al107. The relative contributions of the solvation 
enthalpies of the ligand (EtCalix(4)), free cation and the metal-ion complexes in the two 
solvents have been assessed by the determination of the transfer enthalpies from 
corresponding solution data of the reactants and the product in both solvents. It turned out 
that in the case of lithium, the AtH° o f the complex from MeCN to PhCN is largely canceled 
by that for the free ligand so it can be concluded that the difference observed in ACH° values 
in these solvents is mainly influenced by the changes in the solvation energy of Li+ in these 
media. While the free cation is better solvated in acetonitrile, the free and complexed ligand 
are both enthalpically more stable in benzonitrile and therefore more negative enthalpy of 
complexation was observed in the latter solvent relative to the former.
This may partially explain the more favourable entropy value observed for Li+ upon 
complexation with the calixarene ester in MeCN (ACS° = -44.9 J K ' 1 mol’1) relative to PhCN 
(ACS° = -86.7 J K ' 1 mol'1) since its desolvation is expected to be greater in the former than in 
the latter solvent.
In the case of sodium, the free cation is again better solvated in acetonitrile than in 
benzonitrile. However the most striking feature of the AtH° results was the dramatic changes 
observed in the enthalpic stability for the free ligand to that of the complex in these 
solvents. The better solvation of the ethyl ester derivative in benzonitrile relative to
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acetonitrile is reversed for the Na+- complex (AtH° from MeCN to PhCN equal -8.64 kJ mol* 
1 and 17.91 kJ mol" 1 for the free and complexed ligand respectively). This may be attributed 
to conformational changes that the ligand undergoes upon complexation.
In fact, the increase in exothermic behaviour shown in the complexation of sodium and 
EtCalix(4) in MeCN relative to the same process in PhCN (Table 1.8 ) is almost entirely due 
to the higher enthalpic stability of Na+EtCalix(4) in the former relative to the latter solvent. 
This was further corroborated by the greater loss in entropy observed for the complexation 
of Na+ and the calixarene ester derivative in acetonitrile with respect to the same process in 
benzonitrile107.
1.6.3. Solution thermodynamics of calixarene derivatives and their metal-ion complex 
salts. Transfer parameters.
In most articles involving macrocyclic ligands14, the main attention is paid to the 
thermodynamics associated with the complexation process. However, as shown in the 
previous Section, the information regarding solute-solvent interactions involving reactants 
(ligand, L and guest, G) and product (complex, GL) are also important for analysing 
solvation effects upon host-guest complexation processes. The medium effect on the 
complexation process is better illustrated using the following thermodynamic cycle95,
G(s,) + L(Sl)
A P° > GL
AtP°(G)
V
AtP°(L)
V
(S0
AtP°(GL)
V
®(S2) + E(s2) * P° > GL(S2)
si: Reference solvent
(9)
s2: solvent
In eq. 9, ACP° denotes the standard thermodynamic parameters of complexation (ACG°,ACH°, 
ACS°) and AtP° are the thermodynamic parameters of transfer (AtG0 ,AtH0, AtS°) for the
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guest, the macrocycle and the complex from the reference solvent si to another solvent s2. 
The relationship between complexation and transfer thermodynamics is shown in eq. 10.
ACP° (s,) - ACP° (s2) =  AtP° (G) (Sl—>s2) + AtP° (L) (si-+s2) - AtP° (LG) (si—>s2) ( 1 0 )
This equation (applicable in terms of Gibbs energy, AG°, enthalpy, AH0  or entropy, AS°) 
demonstrates that the three parameters of transfer determine the medium effect on the 
complexation process.
The AtP° of a solute from a reference solvent Sj to another solvent s2  can be obtained from the 
standard parameters of solution, ASP°, of this solute in the appropriate solvent according to 
eq. 1 1 .
AtP(s,-+s2) = ~ G 1 )
Detailed studies on the thermodynamics of uncomplexed 1:1 electrolytes in transfers from 
one solvent to another have been extensively reported1 1,9 4 ,9 6 'i°i.
The solution thermodynamics of calixarene derivatives (non-electrolytes) and their metal-ion 
complexes (electrolytes) is now considered.
The parameters of transfer of an electrolyte from one solvent to another involve the 
contribution of the cation and the anion. There are various extrathermodynamic conventions 
proposed in the literature9 9 ,1 0 2 ' 1 05 for the calculation of the single-ion parameters of transfer. 
The most widely used convention is that proposed by Parker et al.102 known as the
tetraphenylarsonium tetraphenylborate (PfoAsPfoB) convention. It is based on the
assumption that,
AtP° Ph4 As+ (Si^ S2 )=AtP°Ph4 B -{Si->s2) (12)
The validity of this is accepted on the grounds of the low charge and nearly the same size 
(large) o f the constituent ions of this reference electrolyte.
There is also evidence that the ion constituences of PfoAsPfqB due to their low charge
densities and minimum interaction with the solvent behave as uncharged units (PI1 4C) 1 16  
and therefore
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AtP’ Ph„AsPh4B (Si^ Si)= 2A,P‘ Ph4C (Si_,Si) (13)
Knowledge of the thermodynamic value for the transfer parameter of PI1 4ASPI14B between two 
solvents allows the calculation o f AtP° for the PIlA s4" and PI1 4B' ions from a reference solvent 
to another. Therefore using electrolytes containing these ions it is possible to derive data for 
other single ions which in turn, allows the calculation o f single ions from other electrolyte 
combinations.
Solubilities (molar scale) and derived standard Gibbs energies, ASG°, enthalpies, ASH° and 
entropies, AsS° of solution of lower rim calixarene derivatives in various solvents at 298.15 K 
are listed in Table 11. These data have been reported by Danil de Namor and co- 
workers3 5 ,8 8 ,1 0 6  and they were used to derive the thermodynamic parameters of transfer (AtG°, 
AtH°, AtS°) of these ligands to various solvents (s) using acetonitrile (MeCN) as the reference 
solvent (eq. 14)
L  >L (14)•-(MeCN) (s)
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Table 1.11. Solution thermodynamics of lower rim calix[4]arene derivatives and metal-ion 
complexes in various solvents at 298.15 K. Derived transfer parameters from 
acetonitrile . 35
R Solvent Solubility ASG° AsHob AsS° A,G° A,H° A,S° Ref.
mol dm'3 kJ mol*1 kJ mol'1 J K'1 mol1 kJ mol'1 kj mol1 JK'1 mol1
mCJ
MeCN 1.12 x 1(T2 11.13 22.67 38.7 0 0 0 107
o
u MeOH 3.65 x 10’3 13.91 32.67 62.9 2.78 10.00 24.2 89,107
au PhCN 14.03 -8.64 107
W * N i i  O a
u  a
a  u
MeCN
PhCN
6.25x1 O’2 16.11 -34.62
-12.70
-170.1
21.92
107
107
CJ ^
* 2  
z  u
MeOH 20.14 -2.91 -77.3 4.03 31.71 92.8 89
<u
s MeCN 25.03 0 JJ
o
£
u PhCN
17.51 -7.52 jj
3«s
MeCN 4.80 x 10*2 7.53 20.80 44.5 0 0 0 ”
O
U MeOH 9.44 x 10‘3 11.56 4.03
JJ
a
u PhCN 12.20 -8.60 JJ
MeCN 2.64 x 1 O’3 14.72 0 106
1-BuOH 1.23 xlO*2 10.90 15.41 15.1 -3.82 JJ
Pm 1-BuOH
§
sat.
with H20 9.23 x 10'3 11.61 0.76 -36.4 -3.11
JJ
Uts
a Me2CO 1.62 x 1 O'2 10.22 -4.50
JJ
u
DMF
THF
4.53 x 10'3 
0.152
13.38
4.67
-1.34
-10.05
J)
JJ
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The solvation changes of the compound in its transfer from one medium to another are 
quantitavely measured and given by Gibbs energy data. Therefore, transfer parameters are 
informative, particularly in calixarene chemistry. These macrocycles possess hydrophobic and 
hydrophilic regions responsible for their unusual properties to the extent that specific solute- 
solvent interactions often occur35. It may have implications in many processes such as binding, 
choice of solvents for recrystallisation, extraction technology, and design of ion selective 
electrodes108.
Gibbs energies for these ligands (non-electrolytes) show that their transfer from one solvent to 
another changes the equilibrium position in a selective manner35’108. The AtG° values for thep-  
ter£-butylcalix[4]arene tetraisopropylamide from acetonitrile to other solvents at 298.15 K 
differ up to 10 kJ m ol'1.
In a wide variety of solvents, calixarene derivatives undergo solvate formation and in such a 
situation it is not possible to calculate ASG°. For these calculations the composition of the solid 
in equilibrium with a saturated solution of the ligand is required to be the same which is not 
the case when solvate formation takes place. The use of these solvents for crystallisation of 
these compounds may lead to the isolation o f their complexes rather than the pure ligands. 
Calixarene derivatives can find application in the extraction o f metal cations from water to the 
organic phase where the two solvents involved are mutually saturated. The results in Table 
1 . 1 1  for the amide derivative in butan-l-ol and the water saturated solvent clearly show that 
the entropy decreases and the enthalpic stability increases in moving from the pure to the 
water saturated solvent. This behaviour has been attributed to specific water-ligand 
interactions106. It is apparent from the data presented in the above Table that the system is 
seriously perturbed by the presence of water in the non-aqueous phase. Furthermore, the AtG° 
value in pure water is similar to that in the water saturated solvent. The behaviour of the amide 
derivative reflected in the thermodynamic parameters of solution in pure and water saturated 
butan-l-ol is an example of a complete enthalpy-entropy compensation effect observed for 
this system in both media109. It should also be noticed that the presence of water in the organic 
phase may affect the strength of complexation of these ligands with metal cations. Transfer 
and partition of 1 : 1  electrolytes in various solvent systems have been previously discussed by 
Danil de Namor and co-workers110. It follows from this statement, that the water content o f the
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solvent should be specified when thermodynamic data of complexation and solution are 
reported35.
The data from Table 1.11 and the discussion above can be summarised as follows;
i) Transfer Gibbs energies provide a quantitative measure o f the differences in the 
solvation of the ligand in two solvents.
ii) Enthalpy and entropy parameters are good reporters of solute-solvent interactions but 
these data are not expected1 to provide information regarding the site of interactions 
between the ligand and the solvent.
As far as the calixarene based electrolytes, ML+X are concerned, solubility data are referred 
to the process,
MLX(soi.) >ML+{s) + X~(S) (15)
Provided that the composition of the solid in equilibrium with its saturated solution is the same 
and ionic species are predominant in solution, the AsG°value for a dissociated 1:1 electrolyte 
can be calculated from solubility measurements (eq. 15) at a given temperature using the 
following equation,
ASG° = -  RT In K°sp (16)
In eq. 16 the thermodynamic solubility product, K°p (corrected for ion-pair formation when
there is evidence of its occurrence) is referred to the standard state (1 mol dm'3). From the 
solution Gibbs energy data in two solvents, the transfer parameter o f the fully dissociated 
electrolyte from one solvent to the other can be calculated.
The solution thermodynamics of the ester calixarene derivatives and their metal-ion 
complexes have been investigated35,89,107,111. The enthalpies of transfer of the sodium 
perchlorate complex of y?-/er/-butylcalix(4)arene tetraethylester from acetonitrile to methanol 
and benzonitrile are both positive (see Table 1.11). This means that the sodium-calixarenate 
complex salt is enthalpically more stable in MeCN than in PhCN and MeOH. The transfer 
parameters from MeCN to PhCN for the free ligand shows that the equivalent AtH° value is
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negative indicating its preference (in therms of enthalpy) for the latter solvent compared to the 
former. The Na+ cation itself is enthalpically more stable in acetonitrile (shown by its transfer 
enthalpy between the solvents112) than in benzonitrile. Therefore, the stronger interaction of the 
complex with acetonitrile is the main factor causing the more negative AcH° value for sodium 
and /?-/er/-butylcalix(4)arene tetraethylester in MeCN than in PhCN as discussed previously 
(see page 34).
In the case of the transfer parameters from MeCN to MeOH, the AtH° and AtS° values are both 
positive for the ligand and its sodium complex indicating that these interact better in MeCN than 
in MeOH. It has been pointed out that this can be caused by the interaction of a solvent 
molecule with the hydrophobic cavity of the calixarene in MeCN but not in MeOH41,113. This 
specific ligand - solvent interaction may explain the unusually large downfield shifts o f the 
aromatic protons of the ligand seen in its *H NMR spectrum in CD3CN (7.00 ppm) compared to 
CDC13 (6.77 ppm)107. Evidence for such interactions between MeCN and the hydrophobic cavity 
of calixarene derivatives was found in the X - ray crystal structure of a similar derivative, p-tert- 
butylcalix[4]arene tetracarbonate metal complexes. In this compound one solvent molecule was 
detected in the cavity with the methyl group orientated towards the cation90.
Another system, recently investigated is that concerned the complexation of 5,11,17,23- 
tetrakis(l,l-dimethylethyl)-25,27-bis(methylthioethoxy)-26,28-bis[2-(diethylamine)ethoxy] 
calix(4)arene and the silver cation114’115. Table 1.12 lists transfer thermodynamic data from 
MeCN to MeOH (protic) and to DMF (dipolar aprotic) for electrolytes and single ions involved 
in the free and complexed species at 298.15 K.
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Table 1.12. Transfer thermodynamic parameters for 1:1 electrolytes from acetonitrile to 
methanol and to N, N-dimethylformamide at 298.15 K. Single-ion values based on 
the PhLjAsPlqB convention.
A,G° / kJ mol'1 a AtH° / kJ mol'1 b AtS° / J K 1 mol'
MeCN -> MeOH
Electrolyte
Ag++ c i o r 30.78 33.28 8.4
Ag+L  + C104_ 13.60 0.33 -44.5
Single-ion
Ag+ 30.12 18.85 -37.8
Ag+ L 12.94 -14.10 -90.7
L -3.11 -11.43 -27.9
MeCN -» DMF
Electrolyte
Ag++ c i o r -0.13 -3.69 -11.9
Ag+L + C 1 0 r -8.47 -21.90 -45.0
Single-ion
Ag+ 4.65 2.18 -8.3
Ag+L -3.69 -16.03 -41.4
L -4.03 -1.34 9.1
aRef. 115 hRef. 114
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The data presented above reveal: i) Changes in transfer parametes for the free and complexed 
cations can be large to the extent that in some cases they may produce a reverse pattern, 
indicating that the medium effect on the complexation process cannot be attributed only to the 
solvation changes of the free cation and ii) The availability of transfer functions for the free 
and complexed cations and the ligand allows the calculation of the relative stability of 
complex formation for a given system (cation-ligand or anion-ligand) in one solvent with 
respect to another (A(ACG°) = -RT lnKs(s2 )/Ks(si)). Thus, combination of transfer data for the 
Ag+ L  system leads to a A(ACG°) (CH3CN-CH3OH) o f -14.07 kJ mol*1 and A(ACG°) o f -4.31 k j 
mol- 1  for Ag+ L in MeCN-DMF.
To carry out the complexation study on calixarene derivatives and metal-ion systems and to 
discuss these processes using transfer parameters calculated from the appropriate solution data it 
is important to check the reliability of the experimentally derived values. In doing so, the 
enthalpy of co-ordination can be used as discussed in the following section.
1.6.4. Enthalpies of co-ordination
The standard enthalpy of co-ordination, AcoordH0, involving 1:1 salts (MX and MLX) and a 
ligand L refers to the process
M X (sol) + L (sol) — AtofL yM LX (sol) (17)
where the reactants and product are in their pure state11,35. In the case of the reactants and 
product involved in this work, these data are referred to the solid (sol.) state. Combination of 
solution and complexation thermodynamic functions, leads to the calculation of AcoordH° using 
eq. 18.
AcoordH0  = AsH° (M+ + X~)(s) + ASH° (L)(s) + AcH° («) - ASH° (ML+ + X "> )  (18)
Eq. 18 can be also formulated in terms of Gibbs energies and entropies but there is little 
information regarding Ac0 0rdGo and AC0 0 rciSo for systems involving calixarene derivatives. As 
far as the enthalpies are concerned, for a given system, the value of AC0 0rdHo should be the 
same, regardless of the solvent from which this is derived and therefore, it is an useful tool for 
checking the accuracy of the parameters involved in eq.18. This is illustrated in Table 1.13,
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where the standard enthalpy o f co-ordination for the AgLC104  system has been calculated 
from solution and complexation data in four different solvents115.
ACoordH° can also be used to assess the anion effect on the co-ordination process between the 
ligand and the metal cation. Unlike in solution where the counter-ion is not involved, in the 
complexation between the cation and the macrocycle, in the solid state, the counter-ion 
participates in the co-ordination process. This is illustrated in the data shown in Table 1.13 
involving lithium and sodium salts and calixarene ester derivative.
Table 1.13. Enthalpies of coordination of calixarene salts at 298.15 K
System AcoordH0  / kJ mol
/ r S i  r "
AgC104 (soi.) + L(soi.) -+ AgLC104 (sol.) a -71.78b
o
| 1
^ f2 AgC104 (soi.) + L(soi.) -> AgLC104 (soi.) a -72.40c
o  '
L
 ^ AgC104 (soi.) + L(soi.) -+ AgLC104 (sol.) a 
s 
1
AgC104 (sol.) + L(sol.) —>■ AgLC104 (sol.)
-69.47d
-72.076
LiAsF6 (soi.) + L(soi.) —> LiLAsF6 (sol.) -2 2 .1 e
LiBF4 (sol.) + L(sol.) —> LiLBF4 (sol.) ^ -19.7e
LiCF3S0 3 (sol.) + L(sol,) —> LiLCF3 S 0 3 (sol.) -27.7e
l r * i  I
LiC104 (sol.) + L(sol.) —> LiLC104 (sol.) ^ -60.2e
i f X , LiI(sol.) + L(sol.) —> LiLI(sol.)
4
-77.4e
-o
o LiBr(sol.) + L(sol.) —> LiLBr(sol.) ^ -37.4e
NaBF4 (soi.) + L(sol.) —> NaLBF4(soi.) ^ -5.6e
NaCF3 S 0 3 (sol.) + L(soi.) -> NaLCF3 S 0 3 (sol.) f -2 0 .0 e
NaC104 (sol.) + L(sol.) —> NaLC104 (soi.) -31.9 e
a-n _ i f c  b-r-
NaI(soi.) + L(soi.) —> NaLI(soi)
__1 0  ____! -  - H J  . r v T T  CtT .  1 O ___T___ D i A T T
-49.5e
At * —  1 O TA_A T TaRef. 115 bE qn.l8  using MeOH cE qn.l8  using EtOH aE qn .l8  using 1-PrOH
eEqn. 18 using MeCN fRef. 111
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The data listed in Table 1.13 shows that for systems containing Li+, the counter-ion effect is 
reflected. Thus co-ordination enthalpies decrease in the following order,
1“  > C i o r  > Br~ > CF3 SO3"  > AsF6“  > BF4“
The same sequence was found for the system investigated with sodium. It is possible that this 
parameter correlates with the polarisability of the anion.
Systems containing the ethyl ester derivative and the same anion show a decrease (in term of 
enthalpy) in moving from lithium to sodium.
Thus, the Ac0 0rdHo values presented in Table 1.13 are good reporters o f i) the anion effect for 
systems containing the same ligand and metal cation and ii) the cation effect for systems 
containing the same ligand and anion.
AIMS OF THE THESIS
An important issue in Supramolecular Chemistry is to gain information regarding the 
thermodynamics associated with the interaction of macrocycles and metal cations in different 
solvents. Thus, the main aim of this thesis is to characterise thermodynamically the interaction 
between macrocyclic ligands and metal cations taking into account the solvation properties of 
the reactants (metal cation and ligand) and the product (metal-ion complex).
Complexation studies involving calixarene esters, ketones and amides have been reported in 
the literature and the thermodynamics o f these systems among others have been reviewed35. 
As far as the calix(4)arene ketone derivatives are concerned only stability constants of 
5,11,17,23-tetra-/er/-butyl-25,26,27,28-tetra(benzoyl)methoxy calix(4)arene 1 and 5,11,17,23- 
tetra-/eri-butyl-25,26,27,28-tetra(acetoyl)methoxy calix(4)arene 2 with alkali-metal cations in 
a few solvents (methanol and acetonitrile) have been reported54,90. Although current 
knowledge focuses mainly on the ability of 1  and 2  to complex selectively with alkali-metal 
cations neither i) a detailed thermodynamic study on these systems has been performed nor ii) 
the capability of these ligands to interact with cations other than alkali-metals has been 
explored.
Therefore the objectives of this thesis are
i) To investigate the cation receptor properties o f 1 and 2  in a much wider context than in 
previous investigations where these were predominantly targeted to alkali-metal cations.
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Thus NMR measurements will be carried out to establish the active sites of interaction 
o f these ligands with a variety of metal cations in solution. The composition of the metal- 
ion 1  and 2  complexes will be determined from conductance and UV measurements.
ii) To characterise thermodynamically using titration calorimetry the complexation processes 
involving 2 and several metal cations in acetonitrile at 298.15 K.
iii) To study the medium effect on the complexation process. This will be assessed taking into 
account the transfer thermodynamic parameters of the reactants and the product 
participating in the complexation process. For this investigation, 1 and its interaction with 
the sodium cation is selected.
iv) To isolate the crystals o f the metal-ion complexes of 1 and 2 to obtain their structure in 
the solid state by X ray crystallography
Investigations in different neat solvents can be extended to the mixtures. There is no 
information available in the literature concerning complexation of calixarene derivatives with 
metal cations in binary mixed solvents. Thus the last Section o f discussion will be devoted to 
the interaction of 1 and the sodium cation in acetonitrile / N,N-dimethylformamide mixtures at
298.15 K. The aims of this topic are:
i) To determine calorimetrically the thermodynamic parameters of complexation o f 1 and 
Na+ in MeCN / DMF mixtures.
ii) To measure standard enthalpies of solution of the reactants (NaClCL and 1) and the 
product (metal-ion complex salt) in different mixture composition.
iii) To assess the contribution of the reactants and the product to the variations in 
complexation enthalpies resulting from the medium effect using transfer enthalpies from 
acetonitrile to the mixtures.
iv) To calculate the standard coordination enthalpies referred to the process in the solid state.
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2 . E X P E R IM E N T A L  P A R T
2.1. C hem ica ls
2-Chloroacetophenone, chloroacetone, />-ter/-butylcalix(4)arene, potassium iodide, 
anhydrous potassium carbonate, 18-crown-6 (18-C-6) all purchased from Aldrich and 
dichloromethane, CH2 CI2 (Fisher) were used without further purification.
Metal-ion perchlorate salts (Aldrich) were dried over P4 O 1 0  under vacuum for several 
weeks before use.
Potassium chloride (Fisher) was recrystallised from deionised water and dried at 120°C 
for three days prior to use.
Tetra-n-butylammonium perchlorate, TBAP, (Fluka, 99 % electrochemical grade), was 
dried under vacuum for several days at room temperature before use. 
Tris[hydroxymethyl]-aminomethane, THAM, was twice recrystallised from a 
water:methanol (50:50) mixture. The crystals were washed with methanol and dried at 
room temperature for twenty-four hours and then these were stored in a vaccum dessicator 
for three days.
Deuterated acetonitrile (CD3 CN), deuterated chloroform (CDCI3 ), deuterated N, N- 
dimethylformamide (d7 -  DMF) and tetramethylsilane (TMS) were all purchased from 
Aldrich
Acetonitrile, MeCN (CH3 CN, HPLC grade, Fisher) was dried by refluxing with calcium 
hydride under a nitrogen atmosphere117. The water content of the solvent determined by 
Karl Fisher titration was not higher than 0.02 %.
N,N-Dimethylformamide, DMF (Fisher, AR) was dried over 4A molecular sieves 
(previously dried in an oven at 300°C overnight) for 72 hours followed by distillation 
under reduced pressure117.
Methanol, MeOH and ethanol, EtOH (HPLC grade, Fisher) were used without further 
purification.
Benzonitrile, PhCN (Fluka) was distilled under reduced pressure in the presence of
117 11 RP4 O 10 ’ . Only the middle fraction was collected and redistilled after refluxing the
solvent for several hours.
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2.1.1. Preparation of the tetraphenyl and tetramethyl ketone derivatives
/?-ter/-Butylcalix(4)arene tetramethyl and tetraphenyl ketones were first prepared by 
McKervey et a/54. However, the use o f a phase transfer catalyst in the synthesis of 
calixarene derivatives was reported by Danil de Namor et al119. This process reduces the 
preparation time and higher yields than in previously reported1 2 0  methods (without the 
phase transfer catalyst) are obtained. The advantages of the use o f 18-crown-6, potassium 
salt and acetonitrile for the preparation of the calixarene derivatives have been 
discussed119.
Thus, ligands 1 and 2 were prepared at the Thermochemistry Laboratory, University of 
Surrey using the following procedure121.
2-Chloroacetophenone (11.59 g) and 18-C-6 (0.20 g) were dissolved in acetonitrile (80 
ml). The solution was placed in a three-necked, round-bottomed flask equipped with a 
magnetic stirrer, a refluxing condenser carrying a guard-tube filled with anhydrous 
calcium chloride and a rubber septum. Potassium iodide (12.53g) was added and the 
mixture was heated under vigorous stirring at 70° C for one hour. A yellow-brown 
suspension was obseived. The synthetic procedure is shown in Scheme 3.
Cl CI i 2- C — + k j  U L C ^ .  + KC]
Scheme 3. Synthetic procedure used for the preparation of 2-iodoacetophenone.
The reaction vessel was removed from the hot oil bath and allowed to cool down to room 
temperature. A sample was taken through the rubber septum and tested by TLC using a 
CH2 CI2 : MeOH (9:1) mixture as the developing solvent system. Then, p-tert- 
butylcalix(4)arene ( 6  g) and 18-C-6 (0.1 g) were added. Finally, potassium carbonate (12 
g) was added into the flask and the reaction was left for 2 hours at 60° C. A sample to be 
tested by TLC was taken in order to compare with that taken before the addition of p-tert- 
butylcalix(4)arene. For this purpose dichloromethane:methanol (9:1) mixture was used. 
To investigate the presence of /?-terf-butylcalix(4)arene a mixture of hexane: ethyl 
ethanoate (8:2) was used. The synthetic procedure is shown in Scheme 4.
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Scheme 4. Synthetic procedure used for the preparation of p-/e 7 7 -butylcalix(4 )arene 
tetraphenyl ketone
The reaction vessel was cooled down to room temperature and acetonitrile was 
removed from the vessel. The solid compound was dissolved in chloroform and extracted 
with an aqueous solution of HC1 (0.2 mol dm'3). The organic layer was collected and dried 
with M gS04. The solvent was removed and a brown oil was obtained. Acetonitrile (30 ml) 
was added to the round-bottomed flask containing the product and then the flask was 
placed in an ultrasonic bath until the precipitate appeared. This was filtered and 
recrystallised from a methanol-acetone mixture. White crystals were obtained (yield 58 
%). Microanalyses carried out for CyeHgoOg: calc. C, 81.39 %; H, 7.19 %; found: C, 81.42 
%; H, 7.18 %. NMR, £CDC13) (300 MHz), 8  (ppm): 1.11 (s, 36H,), 3.27 (d, 4H, J=13 
Hz), 5.12 (d, 4H, J=T3 Hz), 5.69 (s, 8 H), 6.84 (s, 8 H), 7.30 (t, 8 H), 7.46 (t, 4H,), 7.91 (d, 
8 H, J=7 Hz).
A similar procedure but using chloroacetone instead of 2-chloroacetophenone was used 
for the preparation of 2. Microanalysis carried out for C5 6H7 2 O8 : calc. C, 77.03 %; H, 8.31 
%; found: C, 76.99 %; H, 8.55 %. 'H N M R, (CDC13) (300 MHz), 5 (ppm): 1.07 (s, 36H,), 
2.21 (s, 12H,), 3.18 (d, 4H, J=13 Hz), 4.81 (d, 4H, J=13 Hz), 4.88 (s, 8 H), 6.80 (s, 8 H).
2.1.2. Preparation of metal-ion complexes from />-tert-butylcalix(4)arene ketone 
derivatives
The sodium complex of p-ter£-butylcalix(4)arene tetraphenyl ketone (perchlorate as 
counter-ion) was prepared by the addition of a solution of NaC104  in acetonitrile to a 
suspension of the ligand in the same solvent. The mixture was stirred until a clear solution 
was obtained. This was filtered and the solvent evaporated. The solid was dried at 70°C at
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reduced pressure for several days before use. The microanalysis was earned out at the 
University o f Surrey. The found percentages of C (73.19) and H (6.48) are in agreement 
with the calculated values (C, 73.38; H, 6.48).
To ensure the absence of acetonitrile in the hydrophobic cavity o f the ligand, the 
complex was also prepared by extraction. Thus NaClCL was extracted from the aqueous 
solution by jp-/er/-butylcalix(4)arene tetraphenyl ketone dissolved in dichloromethane. 
After separation o f the phases, the organic layer was dried with Na2 SC>4 and the solvent 
evaporated. The white powder obtained was dried at 70°C at reduced pressure for several 
days before use. Microanalysis: Found for C(72.98 %), H(6.44 %), calculated (C, 73.38%; 
H, 6.48 %). *H NMR, {CDCI3) (300 MHz), 8  (ppm): 1.19 (s, 36H,), 3.47 (d, 4H, J= 1 2  Hz), 
4.41 (d, 4H, J=12 Hz), 5.35 (s, 8 H), 7.20 (s, 8 H), 7.43 (t, 8 H), 7.62 (t, 4H,), 7.74 (d, 8 H, 
J=7 Hz)
The cadmium complex of p-/er/-butylcalix(4)arene tetramethyl ketone was prepared by 
mixing the solutions of the ligand and Cd(ClC>4 ) 2  in acetonitrile at room temperature in a 
round bottomed flask. The solution was left for several days until the crystals appeared. 
The complex was identified using the NMR technique. Wet crystals were transferred 
into a small glass bottle and sent for crystallographic analysis at the University de Sao 
Paulo (Brazil).
2.2. E q u ipm en t, te c h n iq u e s  and  ex p erim en ta l p ro c e d u re s  u s e d
2.2.1. Solubility measurements
For these measurements, an excess amount of the calixarene derivative was added to the 
appropriate solvent in order to obtain a saturated solution. The mixtures were left in a 
thermostat at 298.15 K for several days until equilibria were obtained. Then, known 
volumes of the saturated solution were taken and placed in previously weighed crucibles. 
The solvent was carefully evaporated. The crucibles with the solid residue were dried until 
constant weight. All analyses were performed four times.
Solvate formation in all solvents was tested by placing small amounts of the compound in 
a desiccator over a saturated atmosphere of the appropriate solvent122. The samples were 
weighed from time to time to check for any uptake of solvent.
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2.2.2. *H NMR studies
’H NM R measurements were carried out at the University of Surrey with a Brucker AC- 
300E pulsed Fourier transform NMR spectrometer. The operating conditions for proton 
measurements are detailed as follows,
‘Pulse’ or flip angle of 30°, spectral width (SW) o f 450. ppm, spectral frequency (SF) of 
300.135 MHz, delay time o f 1.60 seconds, acquisition time (AQ) of 1.812 seconds and 
line broadening (LB) of 0.55 Hz.
All N M R experiments were carried out at 298 K using tetramethylsilane (TMS) as the 
internal reference.
2 .2 .2 .1 .1H NMR experim ents
Solution o f the samples were prepared in the appropriate deuterated solvent and then 
placed in 5 mm NMR tubes using TMS as the internal reference. ’H NM R titrations were 
performed under the same experimental conditions by adding small amounts ( - 2 0  pi, 5  x 
1 0 " 3  mol dm*3) o f a metal cation salt solution to a solution o f tetraphenyl or tetramethyl 
ketone derivative (500 pi, - 2  x 10*4  mol dm"3). Then, changes in the chemical shifts upon 
addition o f the metal cation were measured and compared, using the spectra of the free 
ligand as a reference. Analysis of the interaction sites and the intensity o f these changes in 
the chemical shifts were carried out.
2.2.3. X-Ray Crystallography
Molecular structures o f the /?-fe/T-butylcalix(4)arene tetraphenyl ketone and its sodium 
and acetonitrile complex and that for the cadmium complex o f the p-tert-  
butylcalix(4)arene tetramethyl ketone were determined by X ray diffraction data at the 
Universidade de Sao Paulo (Brazil) by Prof. Eduardo E. Castellano and at the Universidad 
Nacional de La Plata by Dr Oscar E. Piro.
Crystal data, data collection procedure, structure determination methods and refinement 
results for the parent ligand and its complex are summarised in Table 2.1. Results for the 
Cd2+ complex are presented in Table 2.2.
Interatomic bond distances and angles around the appropriate metal cation for both 
complexes are presented in Appendix A.
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Table 2.1. Crystal data and structure solution methods and refinement results for 
5,l.l,17,23-tetra-ter/-butyl-25,26,27,28-tetra(benzoyl)methoxycalix(4)arene, 1 , and its 
sodium (perchlorate as counter ion) and acetonitrile complex.
Ligand Complex
Empirical formula C76H80O8 C80H 91C lN N aO I4
Formula weight 1121.40 1348.98
Temperature (K ) 293(2)
Crystal system, space group 
Unit cell dimensions8
Monoclinic, C2/c Monoclinic, P2j/n
a (A ) 29.487(4) 19.8693(9)
b(A) 24.884(2) 13.4590(5)
c (A ) 20.322(4) 30.405(2)
PO 115.49(1) 108.422(2)
Volum e(A3) 13460(3) 7714.4(7)
Z, calc, density (Mg/m3) 8 , 1.107 4, 1.161
Absorpt.coeff. (mm'1) 0.554 0.116
F(000) 4800 2872
Crystal size (mm) 0.25 x 0.3 x 0.4 0.20 x 0.20 x 0.25
Crystal color/shape Transparent/prismatic Transparent/fragment
Diffractometer/scan Enraf-Nonius CAD-4/(o-20 KappaCCDAp and ©
Radiat., graph, monochr. CuKa, ! =  1.54184 A MoKct, ft=0.71073 A
Scan width 0.8 +  0.35 tan 0
Standard reflection (-9,-1,-4)
Decay o f standard ±0 .8 %
0 range for data coll. 2.43 to 60.00° 1.09 to 27.18°
Index ranges 0<h<33, 0<k<27,-22<l<20 -16<h<25,-ll<k<15,-37<l<32
Reflections collected 10614 17881
Independent reflections 9986 [R(int)=0.034] 9054 [R(int)=0.082]
Obs. reflects. [I>2a (I)] 3723. 6117
Data reduct, and correct8 SD P123 D E N ZO and  SC A LE PA C K 124
and struct. solut.c and SHELX-86125 SHELXS-97126
refinement programs SHELX-93127 SHELXL-97128
Refinement method Full-matrix least-squares on F2
Weights, w [cr2(Fo2)+(0.078P)2+52P]'1 [a 2(Fo2)+(0.2P)2] '1 
P=[M ax(Fo2,0)+2Fc2]/3
Data/restraints/param. 9981/0/667 9054/0/888
G.oodness-of-fit on F2 1.061 1.320
Final R  indie. [I>2<j(I)] Rl=0.076, wR2=0.173 Rl=0.107, wR2=0.306
R indices (all data) Rl=0.218, wR2=0.290 Rl=0.150, wR2=0.342
Larg.peak and hole(e.A'3) 0.31 and -0.24 0.63 and -0.44
a Least-squares refinement o f the angular settings for 25 reflections in the 35.84<20<102.94° range for the 
ligand and 17881 reflections in the 2.2<20<54.36° range for the complex. 
b Corrections: Lorentz and polarisation.
0 Neutral scattering factors and anomalous dispersion corrections.
d Structure solved by direct and Fourier methods. The final molecular model obtained by anisotropic full- 
matrix least-squares refinement o f the non-hydrogen atoms. 
e Rindices defined as: R1=Z| |F01- 1Fc | |/2\f o|, wR2=[l,w(Fo2-Fc2f/Zw(F02)2] 1/2.
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Table 2.2. Crystal data and structure solution methods and refinement results for the cadmium 
(perchlorate as counter ion) and acetonitrile complex with 
5,11,17,23-tetra-tert-butyl-25,26,27,28-tetra(acetoyl)methoxycalix(4)arene, 2.
Cadmium complex
Empirical formula C68H90CdCl2N6Ol6
Formula weight 1430.76
Temperature (K) 120(2)
Low-temperature device Oxford Cryosystems
Cooling rate 200 K/h
Crystal system, space group 
Unit cell dimensions2
Triclinic, P-l (No. 2)
a(A) 13.5880(1)
b(A) 16.7700(2)
o(A) 16.7780(2)
a(°), P(°). v(°) 82.683(1), 79.878(1), 66.743(1)
Volume(A3) 3450.77(6)
Z, calc, density (Mg/m3) 2, 1.377
Absorpt. Coeff.(pannT1) 0.464
F(000) 1500
Crystal size (mm) 0.36 x 0.30 x 0.24
Crystal color/ sh ap e Colorless /  fragment
Diffractometer/scan KappaCCD/<p and ©
Radiat., graph, monochr. MoKcc, >.=0.71073 A
8 range(°)data collect. 2.26 to 27.50
Index ranges -17<h<l 7,-21 <k<219-21 <1<21
Reflections collected 56483
Independent reflections 15757 [R(int)=0.063]
Completeness 99.4% (to 8=27.5°)
Absorption correction Multiscan129
Max. and min. transm. 0.897 and 0.851
Obs. reflects.[I>2<j  (I)] 4309
Data collection COLLECT130
Data reduct, and correct,15 DENZO and SCALEPACK124
and struct. solut.c and SHELXS-97128
refinement4 programs SHELXL-97128
Refinement method Full-matrix least-squares on F2
Weights, w [a2 (Fo2)+(0.045P)2+2,6P]‘1 [a2(Fo2)+(0.062P)2+296P] 
P=[Max(Fo2,0)-l-2Fc2]/3
Data/restraints/param. 15757/0/850
Goodness-of-fit on F2 1.05
Final R indie.[I>2cy(I)]e Rl=0.0361,wR2=0.0919
R indices (all data) R1=0.0408, wR2=0.0966
Larg.peak and hole(e.A‘3) 0.806 and-1.373
a Least-squares refinement of the angular settings for 56483 reflections in the 2.26<8<27.50° range for the 
cadmium complex and 14460 reflections in the 0.998<8<27.485° range for the lead complex. 
b Corrections: Lorentz, polarization and empirical absorption correction.
0 Neutral scattering factors and anomalous dispersion corrections.
d Structure solved by direct and Fourier methods. The final molecular model obtained by anisotropic full- 
matrix least-squares refinement of the non-hydrogen atoms.
e Rindices defined as: J?l=s| | F 0 | - 1 Fc \ | / s | f 0 | , wZ?2= [ E w ( F 02- F c2) 2/ £ w ( F 02 ) 2] 1 / 2 .
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2.2.4. UV spectrophotometry
The complexing properties of calixarene derivatives were investigated using UV 
spectrophotometry by comparing the ultraviolet absorption spectra of the ligand in the 
absence and in the presence of the metal cation.
During the experiments, the UV spectra were recorded from 210 to 350 nm using the 
CECIL CE 7200 spectrophotometer. A solution of the ligand (2 cm3, -3x1 O' 5 mol dm*3) in 
the sample cell was placed in the thermostatted compartment and the metal-ion solution 
(lx lO ' 4  mol dm*3) was added stepwise directly into the measurement cell. The spectrum 
was recorded after each addition. All experiments were performed at 298.0 ± 0.1 K.
2.2.5. Conductance measurements. The conductimeter
Conductance measurements were performed using the Wayne-Kerr Autobalance 
Universal Bridge, type B642 and the Wayne-Kerr Model 7330 Automatic LCR Meter 
Conductivity Bridge at a frequency of 1 Hz. The conductance cell consisted of a 
cylindrical vessel of about 50 ml capacity as well as a Russel type glass bodied platinum 
electrode. The conductance cell and its contents were maintained at 298.15 ± 0.05 K in a 
thermostated water bath.
Accurately weighed solutions of the ligand or metal-ion salt were injected through one of 
the two small holes on the vessel. Nitrogen was passed through the solution to provide the 
necessary mixing as well as to keep the solution free of CO2  but was stopped when 
conductance readings were taken.
Molar conductance Am (S cm2 m ol'1) were calculated from eq !9 :
. 1000 x S x 6 >
Am = ----------------  (19)
c
In eq. 19, 0, c and S denote the cell constant (cm*1), the molar concentration of electrolyte
<3
(mol dm*) and the reciprocal of the resistance (S), respectively.
2.2.5.1. Determination of the cell constant
The cell constant, 0, of the conductivity cell was determined using the method described 
by Jones and Bradshaw131.
The cell containing deionised water (20 cm3) was kept in a thermostated bath at 298.15 K
for one hour. The solution of KC1 (0.1 mol dm*3) was added in steps (-10 additions) and
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the conductivity readings were taken after each addition. The corresponding molar 
conductances, Am, were calculated from the equation of Lind, Zwolenik and Fuoss, 132
Am = 149.93 -  94.65 c 1/2 + 58.74 c log c + 198.4 c (2 0 )
The molar conductances of KC1 solution were used to calculate the cell constant from eq. 
2 1 ,
(21)
1 0 0 0 x 0  v }
2.2.5.2. Conductimetric titrations of the metal-ion salt with the ligand
Fresh solutions of the metal-ion salt and the ligand were prepared for each experimental 
run. The conductance cell was cleaned with deionised water and dried. It was 
subsequently filled with the solvent ( 2 0  cm'3) and left in the thermostat bath to reach 
thermal equilibrium, with dry nitrogen passing through the solution. When thermal 
equilibrium was reached, the conductivity of the solvent was measured. The cell was 
emptied and filled with the metal-ion salt solution (20 cm'3). After allowing the cell to 
reach thermal equilibrium, the ligand solution was added in steps, using a hypodermic 
syringe. Conductivity readings were taken after each addition and molar conductance 
calculated. The concentrations of the ligand was chosen according to the solubility o f the 
calixarene derivative in the solvents used (~1.5 x 10' 3 mol dm ' 3 for 2 in MeCN, -1.5 xlO"4  
mol dm ' 3 for 1 in MeCN, -5  x 10‘ 3 mol dm ' 3 for 1 in PhCN, -2  x 10' 3 mol dm ' 3 for 1 in 
DMF). Concentrations of the metal-ion solutions were about ten times lower than those o f 
the ligand.
2.2.5.3. C onductance m easurem ents of metal-ion salts in solution
For these experiments the vessel was filled with acetonitrile (20 cm"3). It was then left in 
the thermostat bath. After 30 minutes, the conductivity of the solvent was measured. The 
metal-ion perchlorate salt solution (3x1 O' 2 mol dm"3) in the same solvent was added in 
steps into the vessel. After each addition, conductance readings at 29815 K were recorded.
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2 .2 .6 . Potentiom etry
In this work two systems were used in order to determine the stability constants of the 
complexes of calixarene derivatives with metal cations. To find the log Ks values for the 
silver complex, potentiometric titrations using silver electrodes were carried out. In this 
system, the electrochemical cell is built from two half-cells consisting of a silver wire 
introduced in a solution containing silver cations. A salt bridge containing the supporting 
electrolyte, tetra-n-butylammonium perchlorate (TBAP) joined both half-cells and 
electrodes were connected to the potentiometer. A schematic representation of the 
electrochemical cell is given:
Fig.2.1. Electrochemical cell used for the determination of the stability constants of metal- 
ion complexes in nonaqueous media.
To determine the stability constants of the sodium complexes o f calixarene derivatives in 
different solvents, the indicator electrode was the sodium selective glass electrode 
(Russel) introduced into the solution o f sodium cations. The reference half cell was that 
described above for the silver electrode system.
2.2.6.1. Calibration of the electrodes
In these experiments, the vessel containing the indicator electrode was filled with a 
solution of TBAP (0.05 mol dm'3, 10 cm3) and that containing the reference electrode was 
filled with AgClC> 4 solution (~ lxlO *3 mol dm'3, 10 cm3). The vessels were connected 
using a salt bridge containing a solution of TBAP. Potential readings were taken with a 
digital micro-processor pH/mV meter HANNA model HI 8417. The reference and the 
titration half cells were kept at constant temperature (298.15 ± 0.05 K) using a thermostat 
bath.
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The apparatus with the solutions was left for 30 minutes to reach equilibrium. This was 
followed by the addition of the solution of silver (for the silver electrode) or sodium 
(sodium electrode) perchlorate (10 additions, ~ lxlO ' 3 mol dm'3) into the half cell 
containing the indicator electrode. Potential readings were taken after each addition. The 
Nemstian behaviour of the electrode was evaluated from the slope o f a plot of potential 
against logi0 [Ag+] or logi0 [Na+].
2.2.6.2. Potentiom etric titrations
For the determination of the stability constants o f /?-/er/-butylcalix(4)arene 
tetraphenyl ketone and the sodium cation in different solvents, potentiometric titrations 
were carried out. The ligand solution (1.7 x 1CT4  -  2.9 x 10' 3 mol dm'3) was prepared by 
dissolving the calix(4)arene derivative in a TBAP solution (0.05 mol dm'3, 10 cm3) in the 
appropriate solvent.
In a typical experiment, the indicator electrode placed into a solution containing a known 
concentration of Na+ ( 8  x 10' 5 -  8  x 104  mol dm'3) was titrated with a solution o f the 
ligand allowing the formation of the 1:1 sodium calixarenate complex. Potential readings 
were taken after each addition and the data were used for the calculation o f the stability 
constant of the sodium calixarenate complex in acetonitrile, N, N-dimethylformamide, 
benzonitrile or MeCN-DMF mixtures.
A similar procedure was used to determine the stability constant of p-tert- 
butylcalix(4)arene tetraphenyl and tetramethyl ketones with the silver cation in acetonitrile 
at 298.15 K. The silver wire was used as an indicator electrode and the working vessel 
was filled with a silver-ion solution ( 1 0  cm3, 2  x 1 0 4  mol dm ' 3 for the determination of the 
log Ks of Ag+ and tetramethyl ketone and 7 x 10‘5 mol dm ' 3 for the tetraphenyl ketone) 
After thermal equilibrium was reached this was titrated with the solution o f the ligand ( 1  x 
1 0 ' 3 and 1 . 9  x 1 0 4  mol dm ' 3 for 2  and 1  respectively).
2.2.7. Titration calorimetry
In this work, the Tronac 450 calorimeter was used to cany out the titration 
experiments. This model of an isoperibolic calorimeter is a commercial version o f the 
solution calorimeter designed by Christensen and Izatt13 3 (Fig. 2.2). It is equipped with a 
burette (2 cm ) linked by a silicone tube to the reaction vessel. Temperature changes
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during the course o f the reaction are monitored by a thermistor bridge and converted to the 
corresponding voltage in a Wheatstone bridge circuit.
The calorimeter assembly consists of a constant temperature water bath (55 dm3), motor 
driven stirrer, cooled-heater assembly, temperature control probe and a precision 
temperature controller which maintains the bath within 0.001 °C. The reaction vessel is a 
rapid response glass vacuum Dewar (50 ml).
Fig. 2.2. The Tronac 450 calorimeter
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2.2.7.1. Analysis of the therm ogram
Fig. 2.3 shows a temperature-time curve for a calorimetric experiment where heat is 
evolved, i.e. an exothermic reaction or an electrical calibration experiment. 
Temperature-time readings start when the calorimetric system has reached thermal 
equilibrium. During the initial period from A to B (pre-reaction period), a linear behavior 
is observed. The reaction is initiated at point B and has been completed at C. The distance 
between B and C is called the ‘reaction’ or the main period. The calorimetric curve is 
linear again during the final period from C to D (post-reaction period).
Fig. 2.3. A typical thermogram curve for an exothermic reaction
During the linear parts of the curve, A-B and C-D, only small and constant heat effects are 
generated in the calorimeter such as the heat of stirring and the resistance heating across 
the thermistor.
2.2.7.2. The Dickinson's method of extrapolation
In an isoperibolic calorimeter, temperature changes occur between the reaction vessel 
and its surroundings during the experiment and heat exchange takes place. To correct for 
these effects, the Dickinson's method can be applied134.
In this method, the corrected temperature change is obtained by extrapolating the pre and 
post-reaction periods of the calorimetric plot to the time when 63% o f the heat of the main
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reaction is evolved. This is based on the fact that the rate of heat evolution during a 
reaction is exponential.
In an electrical calibration experiment, the heat evolution is usually linear with time, and 
the extrapolation in this case is carried out using the time at which half the temperature 
rises (50%).
2 .2.7.3. Calibration of the calorim eter
(i) Burette calibration
In titration calorimetry, the titrant was added at a constant rate over the period of the 
run. Therefore, it was necessary to use a constant rate burette and to know the volume 
added in a certain period of time. The burette was calibrated by weighing the amount of 
distilled water delivered over several measured time intervals. The burette delivery rate 
(BDR) in ml s ' 1 was calculated from:
BDR = —  (22)
(7 . t
In eq. 22 w, u  and t denote weight o f water in grams, density of water at 298.15 K and 
time in seconds during the delivery time respectively.
(ii) Standard reaction
The enthalpy o f protonation of THAM (Tris[hydroxy methylj-aminomethane) in an 
aqueous solution of hydrochloric acid (0 . 1  mol dm"3), suggested as the standard 
thermochemical reaction13 5 was used to check the accuracy and the reproducibility of the 
equipment.
An aqueous THAM solution (0.25 mol dm"3) placed in the burette was titrated into the 
vessel containing an aqueous solution o f HC1 (0.1 mol dm"3; 50 cm3) and the heat was 
recorded.
(iii) Electrical calibration experiment
The determination of the enthalpy change using calorimetry is always comparative. 
During the calibration experiment a known amount of heat is evolved in the same 
calorimetric system as used during the titration experiment. Then, the heat effect observed
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during the reaction is compared with that observed during the electrical calibration. 
Because it is not possible to get the input in the calibration experiment equal to the heat 
involved in the reaction experiment, a proportionally factor, the ‘calibration constant’, g, 
defined as the heat capacity of the calorimetric system (J K '1) is used.
Thus, e is related to the amount of heat produced, q and to d, the corrected temperature 
change (mm) through eq. 23.
q = g x d (23)
During the calibration run, the electrical heat was introduced for a precisely measured 
interval time, t, and the potential difference across the standard and the heater resistances, 
V] and V2  respectively, were measured.
The e value was calculated from the experimental data using eq. 24
V ,x V 2 x t
* = ■ T, V  (24)R x d
In this equation, R is the calorimetric internal resistance (R = 100.02 Cl).
Thus, the molar enthalpy change for the process was calculated using eq. 25:
AH = — (25)
n
where n is the number of moles of titrant added in each step.
In order to obtain the highest accuracy, an electrical calibration experiment was performed 
after each reaction run.
2.2.7.4. The Thermal Activity Monitor (TAM) microcalorimeter
The 2277 Thermal Activity Monitor (Fig.2.4) is a four-channel heat conduction 
microcalorimeter designed by Suurkuusk and Wadso 136. It is a calorimeter designed for 
work in the microwatt range, conducted under (essentially) isothermal conditions, which 
means that temperature differences lower than 10' 6 °C can be detected 137. The heat 
released (or absorbed) in the reaction vessel is allowed to flow to (or from) a surrounding 
heat sink. A thermopile ‘The Peltier element’ positioned between the sample container and
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the heat sink is used as a sensor for the heat flow. These highly sensitive detectors convert 
the heat energy into a voltage signal proportional to the heat flow.
The thermal stability of the instrument is achieved by using a water thermostat (25 dm3) 
which surrounds the reaction vessels, maintained at a constant temperature to within 
± 2 x 104  °C within a 5 -  80°C working range 137.
A B C
Fig. 2.4. A 4-channel microcalorimeter136. A, cutaway view o f the basic unit shown 
with one twin calorimeter. B, positioned in the thermostated water bath, a, 
steel cylinder; b & d, aluminum block; c, the twin calorimetric unit shown 
between the two main heat sinks; e, holder for insertion vessels; f, 
thermocouple plate.
The main advantages of these type of calorimeters are their temperature stability and high 
sensitivity over long periods of time. This is very important if  slow reactions are to be 
studied. Unfortunately slow thermal responses of the calorimeters mean that even fast 
processes can lead to inconveniently long experimental times (8-10 hours). The time 
constant, t, is the time required for 99.9% of the heat to be evolved and it is measured 
through the thermopiles. The decay of heat is exponential and the heat evolved is analysed 
by a computer program.
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Titration microcalorimetric measurements can be performed in order to study a number of 
chemical reactions including metal-ligand interactions. The measured heat of 
complexation must be corrected for the heat o f dilution of the titrant in the appropriate 
medium. In order to carry out heat of dilution measurements, the titrant is added by the 
use o f a Hamilton micro-syringe (500pl) into the titration vessel containing only the 
solvent.
The TAM was operated and the data collected using Digitam 4.1 software (from 
Thermometric AB and Scitech Software AB, Sweden).
2 .2 .7 .5 . Calibration of the TAM
(i) Electrical calibration experiments
The aim o f the static electrical calibration is to ensure that the heat generated by the 
calibration resistor is equal to the heat measured by the instrument. It should be 
performed, irrespective of the type of application the TAM is used for. During a static 
calibration, a known amount of heat is generated by the precision calibration heater 
resistors built into the bottom of the measuring cup of the calorimeter.
(ii) Standard reaction
To check the accuracy of the microcalorimeter, the standard reaction suggested by 
Briggner and Wadso1 3 8  was carried out. In this work the TAM microcalorimeter was used 
for the determination of the thermodynamic parameters of complexation o f ealix(4)arene 
derivatives and metal cations and therefore, the same kind of ligand-binding reaction was 
used as a standard. Thus, the standard reaction used was that involving the complexation 
o f 18 crown 6  (18-C-6) and the barium cation in water at 298.15 K. The values obtained in 
this work were compared with those previously reported in the literature138. For this
experiment a solution o f 18-C-6 in water (2.8 cm3, -  4 x KT4  mol dm'3) was placed in the
* %  ^calorimetnc vessel and titrated with an aqueous solution of BaCl2  (~ 9 x 1 0 ' mol dm")
and the heat was recorded.
2.2.7.6. Experimental procedures used  for titration calorimetry
i) Thermodynamic parameters (stability constant, log Ks, and enthalpy, ACH°) of 
complexation of 1 with the sodium cation in MeCN, PhCN (ACH°) and DMF (log Ks
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and ACH°) and that for 2 with magnesium and cadmium cations (log Ks and ACH°) in 
MeCN at 298.15 K were determined by titration microcalorimetry using the 2277 
Thermal Activity Monitor. The vessel was filled with a solution of the ligand in the 
appropriate solvent (2.8 cm3, ~ 5 x 104  mol dm ' 3 for 2, 1.5 x lO4  mol dm ' 3 for 1 in 
MeCN and 6  x 10"4  mol dm"3 for 1 in PhCN and in DMF). A solution of metal-ion salt 
in the same solvent (concentrations used were about ten times higher than that of the 
ligand) was injected from a 0.5 cm3 gas-tight Hamilton syringe (~15 injections; 0.0225 
cm3  for each run), attached to a computer-operated syringe drive, at thirty minutes 
intervals. Blank experiments were carried out in all cases. The experiments were 
repeated twice for each solvent,
ii) Classical calorimetry was used to determine the enthalpies o f complexation of the 
following systems i) jp-/er/-butylcalix(4)arene tetraphenyl ketone and the sodium cation 
in acetonitrile -  N, N-dimethylformamide solvent mixtures and ii) p-tert- 
butylcalix(4)arene tetramethyl ketone with alkali, alkaline-earth, silver (I), lead (II), 
mercury (II) and cadmium (II) metal cations in acetonitrile at 298.15 K. For 2 and 
potassium, silver, mercury and barium cations , stability constants were also 
determined from these experiments.
To cany out these measurements, the calorimetric vessel was filled with the ligand 
solution (50 cm3, 1 x 10' 3 mol dm"3 for 2 and 4 x 10"4  -  1 x 10' 3 mol dm ' 3 for 1) in the 
appropriate solvent or mixture, immersed into the calorimetric bath for several minutes 
until thermal equilibium was reached. A solution of the metal-ion salt in the same 
medium was added stepwise from the burette into the vessel. The temperature changes 
were monitored on a chart strip recorder. An electrical calibration was carried out after 
each experiment. These experiments were repeated three times for each mixture and at 
least twice for each titration involving the p-ter/-butylcalix(4)arene tetramethyl ketone 
and different metal cations. Blank experiments were earned out in all cases to account 
for heat of dilution effects resulting from the addition of the metal-ion salt solution to 
the solvent contained in the calorimetric vessel,
iii) Displacement titration calorimetry was used to determine the stability constant of 
highly stable complexes (log Ks > 6 ). Such was the case for complexes of p-tert-
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butylcalix(4)arene tetramethyl ketone and metal cations (Li+, Na+, Ca2+, Sr2+, Pb2+ and 
Cd2+) in acetonitrile at 298.15 K.
The vessel was filled with a solution of the metal-ion complex salt (50 cm3, ~ 9 x 104  
“3mol dm’ ) and an excess of the salt o f this cation in acetonitrile. After thermal 
equilibrium was reached, a second solution containing a different metal cation (usually 
Pb2+, 3 x 1 0 ' 2 mol dm'3) in the same solvent was injected from the burette and the heat 
recorded. From these data, the equilibrium constant and the heat o f the competitive 
> reaction was calculated. Each titration was repeated at least twice. To check for ion- 
pair formation in solution, some of these experiments were performed at different 
concentrations of the metal-ion salt (1 x 10' 2 -  5 x 10' 2 mol dm'3) placed in the burette. 
In order to check the reliability of the determined values, the enthalpy of complexation 
o f the metal-ion and the ligand obtained from the competitive experiment was 
compared with that calculated from direct titration. Although log Ks values for highly 
stable complexes cannot be measured by direct calorimetry, this technique can be used 
to determine the enthalpy of complexation. In this way, ACH° values obtained from 
displacement and direct titration calorimetry could be compared.
2.2.8. Solution calorimetry
The enthalpy of solution of a compound, ASH°, can be determined calorimetrically. For 
this purpose, the Tronac 450 calorimeter described above was used.
To check the reliability o f the solution calorimeter, the standard enthalpy of solution, 
ASH°, of THAM in an aqueous solution of HC1 was determined.
For these measurements, glass ampoules were filled with THAM (0.01 -  0.07g), placed in 
a vessel containing an aqueous solution of HC1 (50 cm3, 0.1 mol dm'3) and when thermal 
equilibrium was reached the ampoule was broken and the heat recorded.
To measure the enthalpies of solution of the ligand, the free and the complex metal-ion 
salts at different concentrations, glass ampoules were filled with an accurate amount o f the 
appropriate compound and sealed. These were then placed in the calorimetric vessel 
containing the appropriate solvent or solvent mixture (50 cm3). The system was placed in 
a thermostated bath (298.15 ± 0.001 K) until equilibrium was reached. Measurements 
were taken prior breaking ampoules and the resulting temperature changes were recorded.
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For each compound at least five ampoules containing different amounts of a given 
compound were broken in the same solvent. After each experiment an electrical 
calibration was performed. The total heat was corrected for the heat associated with the 
breaking of the empty glass ampoules in the reaction vessel containing the solvent (50 
cm3). The heat of solution was calculated by subtracting the heat of the empty ampoule 
from the total recorded heat. For the determination of the enthalpies of solution of the 
sodium complex, these experiments were earned out in the presence of a small excess of 
the ligand in the reaction vessel to ensure that no dissociation of the complex occurred 
during these measurements.
The amount of compunds used for these measurements were as follows: i) For the 
determination of the ASH of torfrbutylcalix(4)arene tetraphenyl ketone, 1, in acetonitrile, 
benzonitrile, N, N-dimethylformamide, dichloromethane and MeCN -  DMF mixtures: 
0.02 -  0.24 g. ii) For sodium perchlorate in MeCN -  DMF mixtures: 0.003 -  0.050 g. iii) 
For the sodium complex of 1 in acetonitrile, N, N-dimethylformamide, benzonitrile and 
MeCN - DMF mixtures: 0 .0 1 -0 .1 0  g.
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3 . R E S U L T S  A N D  D IS C U S S IO N
In this Chapter the results will be presented and discussed in the following order,
i) Synthetic procedures used to prepare calix(4)arene ketone derivatives
ii) ]H NMR characterisation of the tetraphenyl, 1 and tetramethyl, 2 ketone 
calix(4)arene derivatives in different solvents
iii) X-ray diffraction studies of the tetraphenyl ketone calix(4)arene derivative
iv) Solubility data and solution thermodynamics of tetraphenyl and tetramethyl ketone 
calix(4)arene derivatives in various solvents
v) lH NMR measurements involving calix(4)arene ketone derivatives and metal cations 
in CD3 CN at 298 K
vi) UV measurements of tetraphenyl and tetramethyl ketone calix(4)arene derivatives 
and their metal-ion complexes in acetonitrile at 298.15 K
vii) Conductimetric titrations of metal-ion salts with the tetraphenyl and tetramethyl 
ketone calix(4)arene derivatives in acetonitrile and N, N-dimethylformamide at
298.15 K
viii) Thermodynamics of complexation of the tetramethyl ketone calix(4)arene derivative 
and metal cations in acetonitrile at 298.15 K
ix) X-ray diffraction study of the cadmium (II) complex o f the tetramethyl ketone 
calix(4)arene derivative
x) Thermodynamics of complexation of the tetraphenyl ketone calix(4)arene derivative 
with the sodium cation in various solvents
xi) Thermodynamics of complexation of the tetraphenyl ketone calix(4)arene derivative 
with the sodium cation in acetonitrile -  N, N-dimethylformamide solvent mixtures
3.1. S y n th e s is  of low er rim calix (4 )arene k e to n e  d eriv a tiv es
The ligands 5,11,17,23-tetra-ter/-butyl-25,26,27,28-tetra(benzoyl)methoxycalix(4)arene, 
1, and 5,ll,17,23-tetra-ter/-butyl-25,26,27,28-tetra(acetoyl)methoxycalix(4)arene, 2, were 
prepared and identified as described in the Experimental Section, The procedure for the 
synthesis of calix(4)arene derivatives using potassium carbonate and 18 crown 6  (18-C-6) 
as the phase transfer catalyst was first applied and reported by Danil de Namor et a /119.
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The choice of this method was based on two main factors i) the reaction medium and ii) 
the selectivity of the crown ether for the cation.
Thus, acetonitrile was selected as a solvent due to its relatively high dielectric constant (s 
= 37.5 ) 1 3 9 with respect to other non-aqueous solvents. This solvent offers a suitable 
medium for the formation of the naked anion of j9 -ter/-butylcalix(4 )arene in comparison 
with solvents o f low dielectric constants (such as tetrohydrofuran, s = 7 .6 139) in which 
ion-pair formation may take place in solution.
As far as the second factor is concerned, 18-C-6 shows selectivity for the potassium 
cation in acetonitrile14 and therefore potassium salts were used in this method.
A comparison between the two methods used for the preparation o f ketone derivatives of 
calix(4)arene can be made. The procedure reported by McKervey et al5 4  for the 
preparation of 1 without the phase transfer catalyst requires 48 hours for refluxing the 
reactants under a nitrogen atmosphere. Using the two-steps procedure with 18-C-6121, the 
time o f reaction was much shorter (3-4 hours). Also the yield for the former method (43 
%) was lower than that for the latter (58 %).
Preparation of 2 requires a refluxing time of 5 hours according to the procedure reported 
by McKervey et a l5 4  and a 51 % yield of the product was obtained. Using 18-C-6, 3 
hours were needed to obtain a yield of 60 %. From the above discussion it follows that the 
advantages of the use of a phase transfer catalyst for the preparation of calix(4)arene 
derivatives are evident particularly for the synthesis of 1 .
3.2. C h a ra c te r isa tio n  o f low er rim  ca lix (4 )arene  k e to n e  d e riv a tiv e s
As stated in the Introduction, the interaction of the ligand with the solvent has a 
considerable influence on its complexing ability with metal cations. Therefore ligand -  
solvent interactions were investigated in several solvents and these are now discussed.
3.2.1. !H NMR data of the tetraphenyl (1) and tetramethyl (2) calix(4)arene ketones 
in different solvents at 298 K.
The NMR measurements provide information about the conformation of the 
ligand in the appropriate medium as well as the sites o f interactions taking place in 
solution. The NMR spectra of the tetraphenyl ketone, 1, were recorded at 298 K in
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three different solvents (CDCI3 , CD3 CN and d7  -  DMF). Chemical shifts observed for all 
the protons of the ligand are listed in Table 3.1.
Table.3.1. lH NMR data for 1  in deuterated chloroform, acetonitrile and N,N- 
dimethylformamide at 298 K.
8 /ppm
2 3 4 5 6  7 8
HAr Heq H ax C H 2 H(0.pii) H(WI.ph) H(p-Ph)
CDC13 1 . 1 1 6.84 3.27 5.12 5.69 7.91 7.30 7.46
CD 3 CN 1.16 7.05 3.30 4.99 5.70 7.91 7.39 7.55
D M F-d 7 1.14 6.96 3.32 5.10 5.83 8 . 0 2 7.46 7.61
The ]H NMR spectra of the tetraphenyl ketone derivative in CDCI3 , CD3 CN and d7  -  
DMF at 298 K show a pair of doublets which correspond to the bridging methylene 
protons (ArCEflAr). These are characteristic of calix(4)arenes in their ‘cone’ 
conformation in solution140. The higher field one is assigned to the equatorial protons 
(closer to the aromatic rings) while the lower field is assigned to the axial methylene 
protons (closer to the ethereal oxygens). The difference in the chemical shifts (A8 ax-eq) 
between the axial and the equatorial protons is taken as a measure o f the ‘flattening’ of 
the cone27. It is generally 0.9 ppm for a system in the ‘cone’ conformation. For 1 these 
values are 1.85, 1.69 and 1.78 ppm in CDCI3 , CD3 CN and dq -  DMF respectively. The 
fact that A5ax-eq values are greater than 0.9 ppm indicates that the ligand in solution adopts 
a distorted ‘cone’ conformation in which the aromatic rings of its upper rim become more 
parallel to each other. This effect slightly varies from one solvent to another and it is most 
pronounced in deuterated chloroform, less in deuterated DMF and the smallest chemical 
shift changes are found in deuterated acetonitrile.
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Additional features of the 'H  NMR spectrum of 1 are also the single resonance in the aryl 
region due to the aromatic protons in the upper rim (all o f them are equivalent), an upfield 
singlet for the ter/-butyl protons (also equivalent), another singlet for the OCH2CO 
system and finally a pair of triplets and a doublet corresponding to the aromatic protons in 
the lower rim of the calixarene derivative.
The NMR chemical shifts of the aromatic protons in the upper rim are recorded at 6.84 
ppm in CDCI3 , 6.96 ppm in d7  — DMF and 7.05 ppm in CD3CN respectively. A similar 
downfield shift in acetonitrile relative to CDC13, has also been observed1 0 7 in lYL NMR 
studies o f /?-/er/-butylcalix(4)arene tetraethanoate in the same solvent. This was attributed 
to a specific interaction taking place between the hydrophobic cavity o f the ligand and the 
solvent. In d7 -DMF, significant downfield shifts with respect to CDC13 are observed in 
the aromatic protons of the phenyl groups attached to the carbonyl ketone functional 
group. To a lesser extent, these are also observed in CD3CN (H0.ph and Hp.ph).
The variations observed in the NMR spectra of 1 in different solvents strongly suggest 
that solvent-ligand interactions may differ considerably from one solvent to 
another121.
For the tetramethyl ketone, 2, the 'H  NMR spectra recorded in CDC13 and CD3CN 
(Fig. 3.1) also show a pair of doublets corresponding to the bridging methylene protons 
(ArCH2Ar). The difference in the chemical shifts (A8 ax-eq) between the axial and 
equatorial protons is about 1 . 6  ppm suggesting that the ligand in solution adopts a 
distorted ‘cone’ conformation. The spectra show also a singlet for (i) the tert-butyl 
protons (upfield), (ii) the protons from the CH3  group at about 2.20 ppm, (iii) the 
OCH2CO system and (iv) a single resonance in the aiyl region due to the aromatic 
protons in the upper rim recorded at 6.80 ppm in CDC13, and 7.14 ppm in CD3CN 
respectively. A downfield shift in acetonitrile relative to chloroform could be attributed to 
a specific interaction taking place between the hydrophobic cavity o f the ligand and the 
solvent as it was explained for the tetraphenyl ketone.
Comparison between !H NMR spectra recorded for 1 and 2 in deuterated chloroform and 
acetonitrile suggest that the latter ligand adopts a flatter ‘cone’ conformation than the 
former in both solvents (A8 ax-eq in CDC13 = 1.85 and 1.63 ppm for 1 and 2 respectively 
and in CD3CN these values are 1.69 and 1.56 ppm for 1 and 2 respectively).
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Fig.3.1. lH NM R spectra recorded for tetramethyl ketone, 2, in CDC13 (top) and CD3CN 
(bottom) at 298 K
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In order to obtain structural information of the ligand in the solid state (not available for 
the tetraphenyl ketone derivative o f calix(4)arene), attempts were made to isolate suitable 
crystals for X ray diffraction studies and these are now discussed121.
3.2.2. X ray  diffraction studies
The structure of 1  has the usual squashed conical shape. The conformation o f this 
macrocycle can be described by the dihedral angles (8 ) that the phenolic rings subtend 
with the plane through the four methylene (-CH2-) groups linking them. The 
corresponding values are 8i=94.7(l), S2=T33.8(2), 83=87.5(1) and 54=136.6(1)° 
(obtuse 8 -values indicate that the phenyl rings are tilted so that their tert-butyl groups are 
directed away from the calix).
O H
J jy f)
tr BMJQrf u  
' O o n p  
mi f  I
on /
Fig. 3.2. Side (left) and top views of 1, For clarity, H-atoms are omitted in the plot and 
only the oxygen atoms have been labeled to show the numbering scheme.
A pair o f opposite phenyl rings defining the calix (those of the monomers labelled 1 
and 3, Fig. 3.2) are tilted toward each other and close to mutual parallelism. The 
corresponding ethereal oxygen atoms in the OCH2 (CO)Ph pendent arms are therefore 
moved away from the cavity [d(011...031)= 5.510(6) A], The terminal phenyl (Ph) 
groups are also found outside this cavity.
The other two rings (2 and 4) are tilted away from each other and close to mutual 
perpendicularity. The ethereal oxygen atoms of the corresponding pendent groups are
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therefore moved toward one another in the upper rim of the hydrophilic cavity [021...041 
distance of 3.452(5) A ]; the terminal phenyl groups are brought nearly parallel to each 
other at a distance of 3.96 A.
The conformation of the hydrophobic calix(4)arene is very similar to that found in the 
crystalline jp-/er/-butylcalix(4)arene tetraacetamide51 and [tetrakis(N,N-diethylamino 
ethyl)oxyl]p-/er/-butylcalix(4)arene141 and other p-/er/-butylcalix(4)arene derivatives 
reported in the literature54,142. The structural results for a whole variety o f pendent arms 
in calix(4)arene derivatives suggest the relatively flexible nature o f the macrocycle. In the 
absence of complexation with the solvent in the hydrophobic cavity o f the macrocycle, 
the same distorted ‘cone’ conformation seems to be stabilised in the solid state. This 
stabilisation is likely to be favoured by crystal packing forces.
The crystal structure of the tetramethyl ketone, 2, was determined by McKervey et 
a /143. X-ray analysis of 2 confirmed that the ‘cone’ conformation persists in the solid 
state and that the four pendent ketonic groups, though mutually syn with respect to the 
calixarene substructure, are asymmetrically disposed about the cavity.
Having characterised both calix(4)arene derivatives, 1 and 2 by !H NMR in 
acetonitrile, chloroform and DMF (in the case o f 1) and X ray crystallography (1) and in 
order to proceed with complexation studies involving these ligands and metal cations in 
solution, knowledge on the solubility of these ligands in different solvents is required. 
These data were also used i) for the thermodynamic characterisation o f these ligands in 
different solvents and ii) to assess the extent o f solvation that these ligands undergo in the 
various solvents. These are discussed in the following Section.
3.2.3. Solution thermodynamics of 1 and 2 and derived parameters of transfer from 
acetonitrile to the other solvents at 298.15 K
Solubility measurements were performed as described in the Experimental Section. Thus, 
solubility data for 1 and 2 in various solvents (methanol, MeOH; ethanol, EtOH; propan- 
l-ol, 1 -PrOH; acetonitrile, MeCN; propylene carbonate, PC; dimethylsulfoxide, DMSO; 
N,N-dimethylformamide, DMF) at 298.15 K are listed in Table 3.2. The data in each 
solvent are the result o f four or five analytical measurements carried out on the same 
equilibrium mixture. The standard deviation o f the data was calculated from eq. 26.
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Table 3.2. Solubility (mol dm'3) of p-ter/-butylcalix(4)arene tetraphenyl (1) and 
tetramethyl (2) ketones in various solvents at 298.15 K
j?-tert-butylcalix(4)arene tetraphenyl ketone (1)
MeOHa EtOHa l-PrOHa MeCNa PCa DMSOa
1.74 x 104 2.99 x 104 4.84 x 104 2.14 x IO4 8.60 x 1 0 4 1.75 x IO' 3
1.56 x 104 3.08 x 104 4.55 x 104 2 . 2 0  x 1 0 4 8.42 x 104 1.97 x IO' 3
1.61 x 1 0 4 2.99 x 104 4.63 x 104 2 . 1 0  x 1 0 4 8.41 x 104 1.97 x IO' 3
1.63 x 104 3.15 x 104 4.87 x 104  
4.66 x 104
2.29 x 104  
2.26 x 1 0 4
8.90 x 104 1 . 8 6  x 1 0 ' 3 
1.96 x IO' 3
(1.63 ±0.08) x 
IO*4
(3.05 ± 0.08) x 
IQ-4
(4.7 ± 0.1) x 
IO' 4
(2 . 2 0  ± 0.08) x
io-4
(8 . 6  ± 0 .2 ) x 
1 0 "*
(1.90 ± 0.09) xlO ' 3
/>-ter*-butylcalix(4)arene tetramethyl ketone (2)
MeOH3 EtOHa DMFa MeCNa PCa DMSOa
4.69 x 104 5.15 x 104 7.66 x 10' 3 2.31 x 1 0 ' 3 6.13 x 104 6.07 x 104
4.45 x 104 5.32 x 104 7.79 x 10' 3 2.34 x 10' 3 5.73 x 104 5.90 x 104
4.58 x 104 5.21 x 104 7.65 x 10' 3 2.35 x 10' 3 5.73 x 104 7.61 x IO4
4.58 x 104 5.10 x 104 7.79 x 10' 3 2.39 x 10' 3 6.18 x 1 0 4 6 . 0 1  x 1 0 4
4.75 x 104 7.65 x 10‘ 3 2.38 x 10' 3 5.90 x 10' 4
(4.62 ± 0.09) > 
1 0 ^
< (5.20 ± 0.09) x
io-4
(7.71 ± 0.07) x 
IO’3
(2.35 ± 0.03) x 
IO' 3
(5.9 ± 0.3) x 
io-4
(5.97±0.08) x IO"4
a Abbreviations: MeOH, methanol; EtOH, ethanol; 1-PrOH, propan-1 -ol; MeCN, acetonitrile; PC, 
propylene carbonate; DMSO, dimethylsulfoxide; DMF, N,N-dimethylformamide
<26>
In eq. 26, x{, x and n denote the obtained solubility, an average solubility value and the 
number o f measurements performed in the appropriate solvent respectively.
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Solubility data are referred to the process described in eq. 27 where the p-tert- 
butylcalix(4)arene derivative (L) in the solid state (sol.) is in equilibrium with its 
saturated solution (s).
L(sol.) -> L(s) (27)
Provided that the composition of the solid in equilibrium with the saturated solution o f the 
ligand is the same, these data can be used to calculate the standard solution Gibbs energy 
changes, ASG°, o f the ligand in a given solvent and at a given temperature using the 
following expression,
ASG° = -R T  ln[L] yL (28)
In this equation, yL is the activity coefficient (molar scale) and provided that low 
solubilities are involved, yL can be considered to be equal to one. Thus, the solubility of 
the ligand on the molar scale is referred to the standard state of 1 mol dm'3.
The changes in solvation of these compounds from one medium to another may be 
assessed from the standard Gibbs energy o f transfer, AtG°, from a reference solvent si to 
another solvent, s2. The data are referred to the process,
L(S,) - -  -t . >L(S2) (29)
Thus, the thermodynamic transfer constant, Kt, is given by,
K = _ [L](s2)
1 [L]yL(Sl) [L](Sl)
The Kt value is obtained from the solubility ratio of the ligand in two different solvents 
and the standard transfer Gibbs energy can be therefore calculated from eq. 31.
AtG° = -RT In Kt = AsG°(s2) - AsG°(sO (31)
Table 3.3 reports the solubilities of 1 and 2 in different solvents. Using eq. 28, the 
standard Gibbs energies of these ligands in the various media are calculated. Taking 
acetonitrile as the reference solvent, Kt and derived standard transfer Gibbs energies to 
the alcohols (MeOH, EtOH and 1-PrOH) and to dipolar aprotic solvents (PC, DMF and 
DMSO) are calculated. These data are also included in Table 3.3.
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Table 3.3. Solubilities, standard Gibbs energies of solution of 1 and 2 in various solvents 
at 298.15K. Derived transfer constant and standard transfer Gibbs energies 
from acetonitrile.
Solvent Solubility / mol dm'3 AsG° / kJ mol'1 Kt(MeCN->s2) AtG° / kJ mol'1
/?-ferf-butylcalix(4)arene tetraphenyl ketone (1)
MeCN 2 . 2 0  x 1 0 - 4 2 0 . 8 8 1 . 0 0 0 . 0 0
MeOH 1.63 x 10-4 21.62 0.74 0.74
EtOH 3.05 x 10-4 20.07 1.39 -0.81
IP rO H 4.71 x 104 18.99 2.14 -1.89
PC 8.57 x 104 17.50 3.90 -3.37
DMSO 1.90 x 10' 3 15.53 8.64 -5.35
THF v. soluble solvate formation
DMF v. soluble solvate formation -
CH2 C12 v. soluble solvate formation -
PhCN v. soluble solvate formation -
CHCI3 v. soluble solvate formation -
/7-tert-butylcalix(4)arene tetramethyl ketone (2)
MeCN 2.35 x 10‘ 3 15.01 1 . 0 0 0 . 0 0
MeOH 4.62 x lO4 19.04 0 . 2 0 4.03
EtOH 5.20 x 104 18.74 0 . 2 2 3.74
DMF 7.71 x 10' 3 12.06 3.28 -2.95
PC 5.94 x 104 18.41 0.25 3.41
DMSO 5.97 x 104 18.40 0.25 3.40
THF v. soluble solvate formation -
CH2 C12 v. soluble solvate formation -
PhCN v. soluble solvate formation -
CHCI3 v. soluble solvate formation -
Abbreviations: MeCN, acetonitrile; MeOH, methanol; EtOH, ethanol; 1-PrOH, 1-propanol; PC, 
propylene carbonate; DMSO, dimethylsulfoxide; THF, tetrahydrofuran; DMF, N,N- 
dimethylformamide; CH2C12, dichloromethane; PhCN, benzonitrile; CHC13, chloroform
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In THF, CH2 C12, PhCN and CHCI3 solvate formation was observed when the ligand 
was exposed to a saturated atmosphere of the solvent and therefore, the standard solution 
Gibbs energies in these solvents could not be derived. Its calculation requires the same 
composition for both, the solid and the saturated solution of the ligand at equilibrium144. 
AtG° values shown in the above Table give quantitative information about the differences 
in the solvation of these ligands in two solvents. A negative value for the standard transfer 
Gibbs energy from a reference solvent to another means that the ligand is better solvated 
in the receiving than in the reference solvent.
Thus, the ability o f 1 to interact with the solvent follows the sequence,
DMF > DMSO > PC > 1-PrOH > EtOH > MeCN > MeOH (32)
This sequence is altered for 2. For this ligand, the trend in solvation is as follows,
DMF > MeCN > DMSO > PC > EtOH > MeOH (33)
The most significant difference was found for the solvation of 1 and 2 in acetonitrile. The 
replacement of an aromatic entity in 1  to an aliphatic group in 2  increases the solubility of 
the calixarene derivative in MeCN by a factor of 10.
As far as the transfer Gibbs energy of these ligands from acetonitrile to protic solvents 
(MeOH, EtOH, 1-PrOH) is concerned, the data presented in Table 3.3 shows that as the 
hydrophobic nature of the aliphatic chain of the alcohols increases on going from MeOH 
to 1-PrOH, the interaction between 1 and the solvents also increases. The same trend was 
also found for 2 in MeOH and EtOH. Generally, both ligands are better solvated by 
dipolar aprotic than by protic solvents with the exception of 1  in acetonitrile.
These different sequences found in the standard transfer Gibbs energy values for both 
ketone derivatives proves that these data cannot be correlated with any single solvent 
property145.
As stated before, the solvation of the ligand (in terms of Gibbs energy) cannot be 
quantitatively assessed for the solvents in which this compound undergoes solvate 
formation. However in these media the solute -  solvent interaction can be discussed in 
terms o f solution enthalpy, ASH°, where solvate formation is not a limitation. Enthalpies 
of solution of 1 in various solvents at 298.15 K were determined and these are discussed 
in the following Section.
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3.2.4. Determ ination of the standard  enthalpy of solution of 1 in various solvents at
298.15 K
Enthalpies of solution were determined by classical calorimerty using the Tronac 450 
calorimeter and following the procedure described in the Experimental Section. The 
reliability of the equipment was first checked using the standard reaction as suggested by 
Wadso et a /146. In these measurements the standard enthalpy o f solution, ASH°, of 
tri s [hydroxymethyl] -aminomethane, THAM, in an aqueous solution of HC1 was 
determined. The process taking place is described in eq. 34
THAM (s) + H+ {aq) -+ HTHAM+ (aq) (34)
The heat of breaking of the empty ampoule in water was found to be very small and 
therefore it was considered as negligible. The ASH value was calculated from
A sH  = S —  (35)
nTHAM
where q is the heat associated with the reaction in the calorimeter vessel and nxHAM is the 
number of moles of THAM used.
The results obtained for the enthalpy of solution of THAM at different concentrations of 
this compound in an aqueous solution of HC1 (0.1 mol dm'3 ) at 298.15 K are listed in 
table 3.4.
Table 3.4. Standard enthalpy of solution of THAM in an aqueous solution o f HC1 (0.1 
mol.dm'3) at 298.15 K.
THAM (g) c (mol dm'3) AH (kJ m ol'1)
0.01647 2.72 x 10' 3 -29.23
0.01712 2.82 x 1 0 ' 3 -29.85
0.02961 4.89 x 10' 3 -29.33
0.04713 7.78 x 10' 3 -29.32
0.07450 1.23 x 10*2 -29.95
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The standard enthalpy of solution was taken as an average of the above values (ASH° =
-29.5 ± 0.3 kJ.mol ) and it is in good agreement with the value of -29.71 kJ.mol 1 given in 
the literature146.
The standard deviation (ct) o f the experimental data was calculated using eq. 26.
After performing the standard reaction, the enthalpies of solution of 1 in MeCN, 
PhCN, DMF and CH2 CI2  at 298.15 K were measured. The isoperibolic calorimeter used 
for these experiments is suitable to measure the heat of solution of fast processes and 
therefore the kinetics of the solution process is important. The compound must be 
instantaneously dissolved at the concentration used.
Acetonitrile is a solvent often used in complexation processes involving calixarene 
derivatives with metal cations because it is a poor solvating medium for the latter 
species". Therefore it is important to investigate the solution thermodynamics of the 
ligand in this solvent. Due to the high solubility of 1 in N, N-dimethylformamide and 
benzonitrile these solvents can also be used as complexation media. Thermodynamic 
parameters of solution o f a given compound and in particular its transfer parameters from 
a reference solvent to another reflects the difference in solute -  solvent interactions 
between two solvents and therefore this knowledge is relevant in assessing the medium 
effect on the complexation process. Thus, the enthalpies of solution o f 1  in these solvents 
were determined at different concentrations of the ligand and the data are presented in 
Table 3.5. No significant changes in the enthalpy of solution were found with the ligand 
concentration, and therefore the standard enthalpies of solution, ASH°, were taken as the 
average value of the various measurements. The heat observed in acetonitrile was found 
to be very close to the heat of breaking of the empty ampoules in this solvent. Therefore it 
is reasonable to conclude that the standard enthalpy of solution of 1 in MeCN is close to 
zero kJ mol*1.
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Table 3.5. Enthalpies of solution of /?-ter/-butylcalix(4)arene tetraphenyl ketone in 
benzonitrile, dichloromethane and N, N-dimethylformamide at 298.15 K.
PhCN CH2 C12
c (mol dm'3) ASH (kJ mol"1) c (mol dm"3) ASH (kJ mol'1)
1.08 x 1 0 ‘3 -3.44 4.31 x 10"4 -11.77
1.29 x 10' 3 -3.71 4.56 x 104 -9.76
1.49 x 10' 3 -3.35 7.28 x 104 -11.17
1.74 x 1 O' 3 -3.34 8.18 x 1 0 4 -10.51
2.03 x 10' 3 -3.16 1 . 0 0  x IO"3 -11.82
4.24 x IO"3 -3.30 1.44 x IO"3 -10.42
Average = -3.4 ± 0.2 kJ mol"1 Average = -10.9 ± 0.8 kJ mol"1
DMF
c (mol dm"3) ASH (kJ mol"1)
1.09 x 10' 3 3.31
1.27 x 10' 3 3.24
1.65 x 10"3 3.55
2.08 x 1 0 ' 3 3.44
3.68 x 10' 3 3.41
Average = 3.4 ± 0.1 kJ mol"1
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The data presented in Table 3.5 show that the dissolution o f 1 in dichloromethane 
and benzonitrile is slightly exothermic while in N, N-dimethylformamide, the process is 
endothermic.
Standard enthalpies of solution are the result of two processes: i) the breakage of the 
crystal lattice (endothermic) and ii) the solvation process (exothermic) 1 4 7  as shown in 
eq. 36
ASH° = ACIH° + AsoivH° (36)
In the case of acetonitrile, enthalpies of these two processes cancel each other and the 
overall enthalpy value is zero. The negative values of the ASH° found in dichloromethane 
and benzonitrile suggest that the solvation process predominates over the crystal lattice 
process. The opposite situation was observed in DMF. Because for the same compound, 
the contribution of the crystal lattice enthalpy is the same in the various solvents, the 
differences observed in the ASH° values are due to the different degrees of solute - solvent 
interactions. Data in Table 3.5 show that the dissolution process is enthalpically more 
favoured in benzonitrile and dichloromethane than in acetonitrile and N,N- 
dimethylformamide. Therefore, the enthalpies o f solvation of 1 in the former two solvents 
are greater than in the latter ones. These are reflected in the standard enthalpies of 
transfer, AtH°, from acetonitrile to others solvents (AtH° (MeCN-»s) = -3.4, -10.9 and 3.4 k j  
mol ' 1 for s = PhCN, CH2 CI2 and DMF respectively).
The calculation of the standard entropy o f solution, AsS°, was not possible since it is 
necessary to have both, the standard Gibbs energy of solution and the standard enthalpy 
o f solution values for the ligand under investigation in the same solvent and at the same 
temperature. Due to the low solubility and slow rate of dissolution o f 1 in the alcohols, 
PC and DMSO, enthalpy data were only obtained in the solvents in which solvate 
formation was found and therefore the ASG° values could not be calculated.
Having the knowledge about the solution thermodynamics o f the ligands in different 
solvents, the complexation properties of 1  and 2  for metal cations were investigated and 
these are discussed in the following Section.
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3.3. Com plexation studies
Complexation of 1 and 2 with metal cations at 298.15 K were investigated using 
acetonitrile as the medium. The choice of this solvent was based on the following facts,
i) MeCN is a poorer solvator for most of the metal cations in comparison with protic 
(alcohols) and dipolar protophilic (DMF, DMSO) solvents and therefore offers a more 
suitable medium for complexation processes.
ii) To study complexation processes in solution, the metal-ion salts must be fully 
dissociated in the medium used for these investigations. Since MeCN has a higher 
dielectric constant than PhCN or CH2 CI2 97, the cations in the former solvent are 
expected to have a lower tendency to form ion-pairs with the counter ion. This is 
particularly important when multicharged ions are involved.
Several techniques were used to study the complexation of ketone calix(4)arene 
derivatives and metal cations. The aim of each techniques used in these investigations is 
described as follows,
i) lH NMR measurements were earned out in order to identify the presence of 
interactions between the ligand and the metal cation and to obtain information 
regarding the sites o f complexation of the ligand.
ii) UV spectrophotometry and conductance studies were performed to establish the 
composition of the metal-ion complexes and to assess semiquantitatively the strength 
o f complex formation in the appropriate solvent. The former technique was applied 
mainly for 1  and selected cations in acetonitrile while the latter was used for a wider 
range of metal cations with both ligands.
iii) Potentiometric measurements were used to derive the stability constant of the 
complex and therefore the standard Gibbs energy of complexation was calculated.
iv) Calorimetric titrations provided not only the complex stability but also the enthalpy 
o f complexation o f the reaction between the calix(4)arene derivative and the metal 
cation in the appropriate solvent. Therefore the entropy o f complexation could be 
calculated.
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To investigate the solvent effect on the complexation process, a detailed thermodynamic 
study was earned out for the Na+ - 1 system in MeCN, PhCN and DMF and this will be 
discussed in Section 3.7.
In the following section NMR measurements of tetramethyl and tetraphenyl ketone 
derivatives of calix(4)arene and metal cations in CD3 CN at 298 K are discussed.
3.3.1.1H NMR studies on the interaction of 1 and 2 with metal cations
NMR studies provide a valuable tool for investigating the 
conformational behaviour of calixarenes as well as the 
identification o f the sites of interaction of the ligand with 
ionic and neutral species. Proton NMR measurements have 
been particularly informative with calix(4)arenes where 
changes in chemical shifts of the ligand protons upon the addition of metal-ion salt 
solutions into the ligand solution can be used to diagnose the conformational changes that 
the macrocycle undergoes upon complexation. Thus in an attempt to investigate the 
interaction o f p-/er/-butylcalix(4)arene tetraphenyl ketone and /?-ter£-butylcalix(4)arene 
tetramethyl ketone with metal cations, 'H  MNR spectra of these ligands upon the addition 
o f several metal cations were recorded in CD3 CN at 298 K.
Tables 3.6 and 3.7 show the NMR chemical shifts o f 1 and 2 in CD3 CN as well as the 
proton chemical shift changes for their interaction with the alkali (Li+, Na+, K+, Rb+, CsQ,
alkaline-earth (Mg2+, Ca2+, Sr2+, Ba2+) and silver (I), mercury (II), lead (II), cadmium (II)
and zinc (II) cations in the same solvent. The differences in the chemical shifts (A5 / ppm) 
for a given proton with respect to that of the free ligand were calculated using eq. 37 and 
these are also included in the Tables.
. c ~ c if  AA > 0  -+ deshielding „AS = 5 - A0 => 2----------------------------2. (37)
if  A 5  < 0 -»  shielding
Representative spectra recorded for ligands 1 with different metal cations in CD3 CN at 
298 K  are shown in Fig. 3.3.
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f-butyl
I j  * U U
Fig.3.3. 'H NMR spectra for the free ligand 1 (a) and its complexes with Li+ (b) and Pb2+ 
(c) in CD3CN at 298 K.
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Table. 3.6 Changes in the NMR chemical shifts for 1 and its metal-ion complexes in
CD3CN at 298 K
C(CH3) 3 (s) At (s) CH2 ax (d) CH2 cq(d) CH2 (s) a(d) b(t) c(t)
1 1.16 7.05 4.99 3.30 5.70 7.91 7.39 7.54
Li+ 1.25 7.43 4.71 3.52 5.53 7.61 7.37 7.39
AS 0.09 0.38 -0 . 2 0 0.22 -0.17 -0.30 -0 . 0 2 -0.15
Na+ 1.25 7.45 4.45 3.51 5.40 7.75 7.46 7.66
AS 0.09 0.40 -0.54 0.21 -0.30 -0.16 0.07 0.12
K+ 1.26 7.46 4.52 3.50 5.37 7.86 7.50 7.69
AS 0.10 0.41 -0.47 0 . 2 0 -0.53 -0.05 0.11 0.15
R b+ 1.25 7.16 4.99 3.30 5.39 7.90 7.44 7.54
AS 0.09 0.11 0.00 0 . 0 0 -0.31 -0.01 0.05 0 . 0 0
Cs+ 1.16 7.05 4.99 3.30 5.70 7.91 7.39 7.54
AS 0.00 0 . 0 0 0.00 0 . 0 0 0 . 0 0 0 . 0 0 0.00 0 . 0 0
Ag+ 1.26 7.41 4.44 3.51 5.35 7.75 7.44 7.68
AS 0.10 0.36 -0.55 0.21 -0.35 -0.16 0.05 0.14
Mg2+ 1.24 7.58 4.45 3.74 5.82 7.38 7.56 7.70
AS 0.08 0.53 -0.54 0.44 0.12 -0.53 0.17 0.16
Ca2+ 1.24 7.55 4.11 3.68 5.70 7.84 7.52 7.79
AS 0.08 0.50 -0 . 0 0 0.38 0.00 -0.07 0.13 0.25
Sr2+ 1.24 7.56 4.20 3.68 5.60 7.95 7.56 7.78
AS 0.08 0.51 -0.79 0.38 -0.10 0.04 0.17 0.24
Ba2+ 1.28 7.54 4.32 3.60 5.43 1.99 7.57 7.76
AS 0.12 0.49 -0.67 0.30 -0.27 0.08 0.18 0.22
Pb2+ 1.28 7.57 4.37 3.64 5.70 8 . 0  6 7.59 7.76
AS 0.12 0.52 -0.62 0.34 0 . 0 0.15 0 . 2 0 0.22
Zn2+ 1.24 7.59 4.47 3.74 5.79 7.57 7.37 7.70
AS 0 . 0 0 0.54 -0.52 0.44 0.09 -0.34 -0 . 0 2 0.16
Cd2+ 1.24 7.57 4.25 3.73 5.67 7.80 7.50 7.76
AS 0 . 0 0 0.52 -0.74 0.43 -0.03 -0.11 0.11 0 . 2 2
Hg2+ 1.25 7.57 4.20 3.73 5.74 7.84 7.52 7.78
AS 0.09 0.52 -0.79 0.43 0.04 -0.07 0.13 0.24
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For complexes of 1 with all the metal cations under investigation (except ceasium), 
deshielding effects are observed for the tert-butyl and the aromatic protons of the upper 
rim. As far as the latter are concerned these effects are more pronounced for interactions 
involving bivalent than monovalent cations in this solvent. Small chemical shift changes 
were observed for Rb+ and no changes were observed for Cs+ and 1 in CD3 CN. The 
deshielding effects at the upper rim could be attributed to various factors such as 
conformational changes induced by the inclusion of the metal cation in the hydrophilic 
cavity which lead to widen the upper rim cavity and/or to the inclusion of a molecule of 
acetonitrile in the hydrophobic cavity and/or the interaction of the metal cation with the 
ethereal oxygens which may result in a deshielding effect by aromatic induction. The 
equatorial protons are affected to a lesser extent upon complexation following the same 
trend as that observed for the aromatic protons in the upper rim. Shielding effects are 
observed for the axial protons with more pronounced changes for the complexation of this 
ligand with bivalent cations relative to monovalent ones. As a result, chemical shift 
differences between the pair of doublets (ASax-eq) decrease from the free to the complex 
ligand. As mentioned in Section 3.2.1 for a ligand in its ‘cone’ conformation, the ASax-eq 
value equals 0.9 ppm27. As shown in Table 3.1, this value was found to be 1.69 ppm for 
1 in deuterated acetonitrile. As the pendant arms o f the ligand are moving closer together 
to coordinate the metal cation in the hydrophilic cavity, the aromatic rings of the 
hydrophobic cavity are adopting a flatter ‘cone’ conformation. Data presented in Table 
3.6 show that as far as the tetraphenyl ketone derivative and monovalent cations are 
concerned, the A5ax-eq values are close to 0.9 ppm for the sodium (0.94 ppm) and the 
silver (0.93 ppm) complexes adopting a nearly perfect ‘cone’ conformation. For 
interactions involving 1 and bivalent cations, the A5ax-eq values are lower than 0.9 ppm. 
The most pronounced chemical shift changes were found by the addition of Ca2+ to 1.
The -CH 2 protons located between the ethereal and the carbonyl groups and the lower rim 
aromatic protons seem to indicate the preference o f the metal cation for the ethereal or the 
carbonyl oxygens.
Thus, the monovalent cations appear to interact predominantly with the ethereal 
oxygens while for the bivalent cations the chemical shift changes are greater for the
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aromatic protons (a, b and c in Table 3.6) in comparison with the CH 2  protons suggesting 
that the interaction of these cations with the carbonyl oxygens is stronger.
lH NMR studies earned out with 2 and the same metal cations in CD3 CN at 298 K 
are shown in Table 3.7. Again, the most pronounced shift changes were observed in the 
axial and the aromatic protons at the upper rim. The behaviour observed is that shown 
above for 1. These changes as discussed above are greater for bivalent than for 
monovalent cations. The smaller changes observed in the complexation of 2 with metal 
cations relative to 1  must be due to the higher flexibility o f the pendant arms in 2  relative 
to 1, which will reduce the conformational changes at the upper rim. Again only minor 
changes were observed for Rb+ and no complexation could be observed in the case of 
Cs+. An interesting feature of these results is that unlike for 1, the addition of Zn2+ to the 
solution of 2  does not lead to any changes in the chemical shifts o f this ligand. These 
findings demonstrate that this ligand is selective for Cd2+ in the presence of Zn2+.
As far as the equatorial and the axial protons are concerned, to a lesser extent, the 
chemical shift changes mirrors those found for 1 and these metal cations in CD 3CN. 
Chemical shift changes for the pair of doublets of the methylene bridge in the upper rim 
of the ligand are the greatest for Na+ and Ag+ among the monovalent and for Ca2+ among 
the bivalent cations. However in the case of /?-ter/-butylcalix(4)arene tetramethyl ketone 
complexes, the A8 ax-eq values were found to be lower than 0.9 ppm even for sodium, 
potassium and silver cations.
As far as the protons close to the ethereal oxygens and the carbonyl groups are concerned 
(-O-CH2 -CO-CH3 ), only small chemical shift changes were found for the latter protons 
upon the addition of the solution containing monovalent cations suggesting stronger 
interactions of these cations with the ethereal oxygens. Bivalent cations seem to interact 
with both oxygen atoms as assessed from the changes observed for the CH2 and the CH3 
protons.
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Table.3.7. Changes in the [H NMR chemical shifts for 2 and its metal-ion complexes in 
CD3CN at 298 K
C(CH3) 3 (s) Ar (s) CH2 ax (d) CH-2 eq (d) CH2 (s) CH3(s)
2 1.16 7.14 4.84 3.28 4.77 2.18
Li+ 1 . 2 0 7.33 4.40 3.40 4.80 2.17
AS 0.04 0.19 -0.44 0.12 0.03 -0.01
Na+ 1 . 2 0 7.35 4.17 3.39 4.63 2 . 2 0
AS 0.04 0.21 -0.(57 0.11 -0.14 0 . 0 2
K+ 1 . 2 1 7.36 4.25 3.40 4.62 2.17
AS 0.05 0.22 -0.59 0.12 -0.15 -0.01
R b+ 1.17 7.16 4.79 3.29 4.76 2.18
AS 0.01 0.02 -0.05 0.01 -0.01 0 . 0 0
Cs+ 1.16 7.14 4.84 3.28 4.77 2.18
AS 0.00 0.00 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
Ag+ 1 . 2 0 7.34 4.19 3.41 4.61 2 . 2 0
AS 0.04 0.20 -0.65 0.13 -0.16 0 . 0 2
M g2+ 1.18 1.47 4.09 3.63 5.09 2.35
AS 0.02 0.33 -0.75 0.35 0.32 0.17
C a2+ 1.18 7.46 3.82 3.60 4.94 2.39
AS 0.02 0.32 -1.02 0.32 0.17 0.21
Sr2+ 1.18 7.47 3.94 3.61 4.86 2.32
AS 0.02 0.33 -0.90 0.33 0.09 0.14
B a2+ 1 . 2 2 7.44 4.08 3.51 4.72 2.23
AS 0.06 0.30 -0.76 0.23 -0.05 0.05
Pb2+ 1 . 2 2 7.48 4.16 3.57 5.00 2.34
AS 0.06 0.34 -0.68 0.29 0.23 0.16
Zn2+ 1.16 7.14 4.84 3.28 4.77 2.18
AS 0.00 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
C d2+ 1.18 7.47 4.44 3.62 4.91 2.39
AS 0.02 0.33 -0.40 0.34 0.14 0.21
Hg2+ 1.19 7.47 3.90 3.64 4.91 2.43
Zl<5 0.03 0.33 -0.94 0.36 0.14 0.25
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The results obtained from NMR measurements clearly indicate that the ketone 
derivatives of calix(4)arene are able to interact with a wide range of metal cations in 
acetonitrile at 298 K. To establish the composition o f the metal-ion complexes, UV 
titrations were carried out and these are now discussed.
3.3.2. UV measurements
In 1962 Pedersen used ultraviolet spectroscopy to investigate the interactions between 
macrocyclic ligands (benzo-substituted crown ethers) and metal cations for the first 
time3,4. The spectrum of the ligand was changing upon the addition of the metal ions. 
UV spectroscopy can be used in the study of macrocyclic complexes when the absorption 
due to the cation is altered in a region where the ligand is transparent or if  the complex 
absorbs in a spectral region where neither the cation nor the ligand separately absorb. 
Generally, the most stable complexes exhibit the greatest change, but the absence of an 
effect does not unambiguously mean a small or negligible interaction between the metal 
ion and the ligand. It is also possible to determine the stoichiometry of the complexes by 
noting the ratio of ligand to metal cation beyond which no further variation in the band- 
shape is observed with an increase in cation concentration.
The complexing properties of ligands 1 and 2 towards different metal cations were 
investigated using UV spectrophotometry. In doing so, comparisons between the 
ultraviolet absorption spectra of the ligand in the absence and in the presence of the metal 
cation in acetonitrile at 298 K were established. The spectrum of the free ligand was first 
recorded (wavelengths 2 1 0 -3 5 0  nm) and this was followed by the addition of the metal 
cation solution (perchlorate as counter-ion) in the same solvent. The metal-ion was added 
as long as changes in the absorbance were observed. Afterwards one wavelength was 
chosen (for which the differences in the absorbance between the free ligand and the 
complex were most pronounced) and the absorbance plotted against the metal : ligand 
mole ratio to obtain the stoichiometry of the complexes. Fig. 3.4. shows the UV spectra 
recorded for 1 and 2 in acetonitrile at 298 K.
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nm
Fig. 3.4. Absorbance vs. wavelength for 1 and 2 in MeCN at 298 K.
Both ligands absorb the light between the 200 - 300 nm wavelength range. The p-tert- 
butylcalix(4)arene tetraphenyl ketone shows the maximum absorbance at 236.5 nm and a 
broad peak between 270 -  295 nm, which, result from transitions within the aromatic 
rings of the calixarene derivative. For the /?-ter/-butylcalix(4)arene tetramethyl ketone 
only the peak at 270 -  290 nm was observed.
Fig. 3.5 shows the UV spectra recorded for the addition of lithium and sodium cations 
(perchlorate as counter-ion) into the sample cell containing the solution of 1 in MeCN.
Fig.3.5. UV spectrophotometric curves for the titration of 1 with lithium (a) and sodium
(b) in acetonitrile at 298 K
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Fig. 3.5 shows two isosbestic points (at 251 nm, 269 nm for lithium and 248 nm, 266nm 
for sodium respectively) at which the free and the complex ed ligand show the same 
absorbance. For wavelengths lower than that for the first isosbestic point (210 -  250 nm) 
a decrease in absorbance on the addition of the metal-ion solution was observed and the 
maximum absorbance peak shifted to 239 nm. The absorbance decreases also for 
wavelengths higher than that for the second isosbestic point (above 270 nm) (Fig.3.5). 
Between these two isosbestic points, the increase observed in the absorbance on the 
addition of the metal-cation solution may indicate that the absorption of the complex 
formed is stronger than that for the free ligand in this region. This statement is better 
illustrated in Fig. 3.6 a.
This behaviour was observed until the concentrations of the metal cation and the ligand 
were the same, afterwards a small decrease in the absorbance was observed which may be 
attributed to dilution effects. To find the composition of the complex, the absorbance (at 
280 nm) was plotted against M+ / L mole ratio. This is shown in Fig. 3.6. b for the 
titration of 1 with the lithium cation in acetonitrile. A similar plot was obtained for the 
titration of the ligand with the sodium cation in the same solvent and at the same 
temperature.
Fig.3.6. UV spectrophotometric curve for the titration of 1 with the lithium cation in 
acetonitrile at 298 K (a). A plot of absorbance (at 280 nm) against the lithium 
cation /1  mole ratio in acetonitrile at 298 K (b)
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The UV spectra for the titration of the p-te/Y-butylcalix(4)arene tetraphenyl ketone 
with Cd2+, Pb2+, Hg2+ and Ca2+ in acetonitrile at 298 K are shown in Fig.3.7.
Fig.3.7. UV spectrophotometric curve for the titration of 1 with calcium (a), lead (b), 
cadmium (c) and mercury (d) cations in acetonitrile at 298 K.
The spectrophotometric curves show that the changes found for 1 upon the addition of the 
solution containing the bivalent cations differ from those observed for alkali-metal 
cations (Na+ and Li+) (Fig. 3.5) and this ligand in this solvent.
In Fig. 3.7, one isosbestic point was found at 246 nm during the titrations which indicates 
an equilibrium involving at least two absorbing species in solution. The maximum 
absorbance of the free ligand at 236.5 nm shifts as the amount of the metal-ion in the 
system increases. When the concentration of the cation became equal to the concentration 
of the ligand, the maximum absorbance appeared at about 250 nm.
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The absorbance in the 250 - 270 nm wavelenght range increases to a much greater extent 
than the correspodning data fot UV titration involving this ligand and alkali-metal cations 
(Fig. 3.5).
The broad peak with a maximum at 276 nm, also shows a different behavior in the case I
j
of the titration involving Ca2+, Cd2+, Pb2+ and Hg2+ cations as compared with Li+ and Na+.
For the latter a decrease in the absorbance was observed. For calcium, lead, cadmium and 
mercury, a maximum absorbance peak could be identified in the 270 — 300 nm region and 
the absorbance increases slightly upon complex formation. In order to obtain the 
stoichiometry of the complexes of 1  with the bivalent metal cations, the absorbance at a 
chosen wavelenght (260 nm for calcium and 297 nm for lead, cadmium and mercury) was 
plotted against the metal cation -  ligand mole ratio and the respective curves are shown in 
Fig. 3.8.
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[C.’*]/[l]
[pbJ*]/[i]
[HO**]/[l]
[Cd’*]/[l]
Fig. 3.8. A plot of absorbance against M2+ /1 mole ratio in acetonitrile at 298 K
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It is apparent from Fig. 3.8 that all investigated bivalent metal cations form 1:1 
complexes with 1 in acetonitrile at 298 K according to eq. 38. The interactions are 
relatively strong as the break point at 1 : 1  metal-ion : ligand mole ratio is easily identified.
M2+ (M eCN ) +  1 (M e C N ) > M2+l (M eCN ) (3 8 )
As a result of the differences observed in the UV spectrophotometric titrations 
between the behaviour of complexes involving monovalent cations relative to those for 
bivalent cations, the relative strengths of complex formation of the ligand with different 
metal cations can be assessed. Thus, alkali-metal complexes were titrated with solutions 
containing bivalent cations in acetonitrile at 298 K. A representative example is given in 
Fig. 3.9. This figure shows the spectrum of the potassium complex of the p-tert- 
butylcalix(4)arene tetraphenyl ketone derivative (pink and purple line in Fig. 3.9). Then, a 
solution containing cadmium cations in acetonitrile was added and the spectrum recorded 
(green line). This was followed by the addition of an excess of Cd , so that the 
concentration of cadmium cations in solution was higher than that o f the ligand. The 
spectrum was recorded after ten, twenty and thirty minutes (blue, black and red lines 
respectively).
nm
Fig. 3.9. UV spectrophotometric curve for the titration of the potassium-1 complex with
cadmium cations in acetonitrile at 298 K.
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Fig. 3.9 shows that when the solution containing the cadmium cations is added to the 
solution o f the potassium p-ter/-butylcalix(4)arene tetraphenyl ketone complex, a 
competition process takes place (eq. 39) where the potassium cation is replaced by Cd 
ions. The characteristics o f the spectrum changes from that shown for monovalent cations 
(Fig. 3.5) to the one observed for the UV spectrophotometric titration involving bivalent 
cations (Fig. 3.7).
K+1 (M eCN ) + Cd2+ (M e C N ) > Cd2+1 (M eCN ) + K+ (M eC N ) (39)
Additional information gained from Fig. 3.9 is that referred to the kinetics of the 
complexation process. Thus, no changes are observed between the spectra recorded at 
different periods of time (10 minutes, 20 minutes and 30 minutes) following the addition 
of a solution containing Cd2+ cations. These observations suggest that the exchange 
process (eq.39) is relatively fast (takes less than ten minutes). Similar experiments were 
earned out using the sodium instead of the potassium complex. No changes were 
observed in the UV spectrum on the addition of cadmium cations after a period of one 
hour.
From the UV experiments it can be concluded that, in acetonitrile the interaction between 
1  and the cadmium cation is stronger than that involving the same ligand and the 
potassium cation. However, this is not the case for sodium. The interaction of 1 with this 
cation appears to be stronger than that for Cd2+.
In an attempt to proceed with similar investigations involving 2 and these metal cations, 
UV titrations were earned out in acetonitrile. Thus, Figs. 3.10 and 3.11 show the UV 
spectra recorded for the titrations of 2  with cadmium and potassium cations respectively 
in MeCN at 298 K.
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nm
nm
[Cd2*] / [2]
Fig. 3.10. UV spectrophotometric curve for the titration of 2 with Cd2+ (perchlorate as 
counter-ion) in acetonitrile at 298 K and derived stoichiometry of the 
complex
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The UV data shows that no isosbestic points could be found for this system and the 
maximum absorbance peak (at about 280 nm) does not shift. The only significant changes 
could be observed in the 270 - 290 nm range as shown in Fig. 3.10. The decrease in 
absorbance in this region is greater at the beginning of the titration. When the reaction 
reaches the 1 : 1  stoichiometry, very small changes observed are due to the dilution effects. 
By plotting the absorbance against Cd2+ / 2 mole ratio (Fig.3.10) it is possible to find the 
stoichiometry of this complex which appears to be the same ( 1 :1 ) as that found for the 
cadmium and the tetraphenyl ketone (Fig. 3.8).
As far as potassium is concerned, Fig. 3.11 shows the changes in absorbtion found in the 
270 - 290 nm region.
Fig. 3.11. UV spectrophotometric curve for the titration of 2 with K+ (perchlorate as 
counter-ion) in acetonitrile at 298 K
The complex stoichiometry was obtained from a plot of the absorbance readings at 280 
nm against the K+ / 2 mole ratio and this is shown in Fig. 3.12. In this case the break of 
the curve is not as sharp as for the cadmium complex and all the complexes previously 
investigated with metal cations and 1 in this solvent. These findings demonstrate that the 
potassium is likely to form a weak complex with the tetramethyl ketone derivative. This 
is in agreement with the conclusions drawn from the UV experiments involving p-tert- 
butylcalix(4)arene tetraphenyl ketone where potassium was found to form a weaker 
complex with 1 than sodium and cadmium cations in acetonitrile at 298 K.
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IK*] I [2]
Fig. 3.12. A plot of absorbance against K+ / 2 mole ratio in acetonitrile at 298 K
UV titrations carried out with 2 and Cd2+ and K+ cations show the same pattern for 
monovalent and bivalent cations in acetonitrile. In all the cases, the free and the complex 
ligand absorb at the same wavelength but the absorbtion of the complex is slightly weaker 
between 270 and 290 nm. Therefore in the case o f this ligand it is not possible to assess 
the strength of interaction from competitive spectrophotometric titrations.
UV spectrophotometric measurements however do not always show the interactions 
between the ligand and the metal cation in a chosen solvent. When the ligand and the 
complex absorb at the same wavelength there will be no changes in the recorded 
spectrum. Figure 3.13. shows the titration of/>-ter/-butylcalix(4)arene tetraethanoate with 
Pb2+ and Cd2+ in acetonitrile at 298 K. Evidence of complex formation between this 
ligand with these metal cations was found previously through *H MNR, conductance 
measurements and titration calorimetry91.
The UV spectra do not show any significant changes during the course of the titration at 
any of the wavelenghts investigated (230 -  340 nm). Therefore no evidence of interaction 
between /?-ter£-butylcalix(4)arene tetraethanoate and these cations were found from the 
UV spectrophotometry.
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nm nm
Fig. 3.13. UV spectrophotometric curves for the titration of p-/er/-butylcalix(4)arene 
tetraethanoate with Pb2+ (left) and Cd2+ (right) in acetonitrile at 298 K.
Using UV measurements the complex composition of 2-K+ and 2-Cd2+ complexes and 
1-Li+, 1-Na+, 1-K+ 1-Ca2+, 1-Pb2+, 1-Cd2+ and 1-Hg2+ was determined in acetonitrile at 
298 K. Another method used to assess the strength of interactions between metal cations 
and macrocyclic ligands and to determine the composition of the complexes is that based 
on conductance measurements. In the following Section, conductimetric titrations are 
discussed.
3.4. Conductance m easurem ents
Conductivity is the technique that can be employed to investigate the behaviour of the 
electrolytes in solution as well as the extent of complexation between a given ligand with 
metal cation. The electrical conductance of the electrolyte (metal-ion salt) solution is 
altered upon the addition of the neutral ligand solution if the interaction between the 
macrocycle and the cation (or anion) takes place. These changes are mainly due to the 
changes of the ion size. Thus, plots of variations in the electrical conductivity with the 
ligand / metal-ion mole ratio can be divided into three groups.
i) Plots with a slight (or non-existent) slope and without any indication of a change in 
slope at any given mole ratio provide indication that very weak or no complexation 
occurs,
ii) plots with a well defined change in curvature at the stoichiometry of the reaction (i.e. 
at 1 : 1  or 2 : 1  mole ratio) are indicative of moderate complexation and
100
Chapter 3 -  Results and Discussion
iii) plots formed by two straight lines intersecting at the stoichiometry o f the reaction are 
representative of strong complexation.
Before discussing conductance data for the systems investigated in this thesis, some of the 
principles involved in conductance measurements are discussed.
3.4.1. Conductance measurements: Principles.
Conductivity measurements are based on Ohm’s law (eq,40), which states that the current 
I (amperes) in a conductor is directly proportional to the potential E (volts) and inversely 
proportional to the resistance R (ohms) of the conductor.
/  = — (40)
R ’
The resistance of a conductor depends on its characteristic properties such as its
resistivity, p, (Q cm), its length, 1, and its cross-sectional area, A, (eq. 41).
R = p f f  (41)
As far as electrolyte solutions are concerned, the conductivity, k  (Q ' 1 cm " 1 or S cm"1) is 
used, k  =  Up. Therefore, k  is defined by eq. 42.
k  = — x — (42)
A R
In eq. 42,1 is the distance between the electrodes and A is the cross-sectional area of the 
electrodes. The conductivity of the unknown solution is obtained using the pre­
determined value of the cell constant ( 0  = 1/A) and the measured value o f the resistance, 
R, in the same sample according to eq. 43,
k = 6  / R (43)
The conductivity, k , depends on the number of ions in solution and therefore it is more 
convenient to express conductivity as a molar quantity. This is done by introducing the 
molar conductivity, Am (S cm2 mol"1) defined in eq. 44.
. lOOOx/c ....
A „ ,= -----------  (44)
c
In this equation, c is the concentration (mol dm"3). Therefore before proceeding with 
conductance measurements, the constant (1 / A) of the conductivity cell was determined as 
detailed below.
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3.4.2, Determination of the cell constant
The cell constant was determined using the method previously described in the 
Experimental Section (Chapter 2.2.5.1) with an aqueous solution o f KC1.
Table 3.8. shows the conductance data for KC1 at various concentrations, as well as the 
corresponding values of the cell constant (0) in water at 298.15 K The initial conductance 
value of deionised water was found to be 1.2 x 10' 6 S.
Table 3.8. Conductance data of an aqueous solution of KC1 at various concentrations 
(mol dm'3) at 298.15 K for the determination of the cell constant (0).
CKci / mol dm ' 3 Conductance (S) Am / S cm2  mol' 1 0  / cm ' 1
8.40 x 104 1.35 x 104 146.65 0.9119
1.85 x IO' 3 2.95 x 104 145.35 0.9118
2.78 x 10‘ 3 4.41 x 104 144.48 0.9104
3.70 x IO' 3 5.84 x 104 143.77 0.9100
4.44 x IO"3 6.99 x 104 143.27 0.9101
5.21 x 10' 3 8.17 x 104 142.80 0.9110
5.89 x 10' 3 9.21 x 104 142.43 0.9106
6.75 x 10‘3 1.05 x 10' 3 141.98 0.9105
The average value of the cell constant was found to be 0.911 ± 0.001 cm '1. The standard 
deviation o f the data was calculated using eq. 26 (see page 74).
Having determined the cell constant, conductimetric titrations were carried out in 
acetonitrile at 298.15 K.
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3.4.3. Conductimetric titrations of metal cations with 1 and 2 in acetonitrile at
298.15 K
Tables 3 .9 -3 .1 4  show the results obtained from a series of conductimetric titrations of 
alkali metal (Li+, Na+, K+, Rb+, Cs+) and silver cations with />-ter/-butylcalix(4)arene 
tetramethyl ketone in acetonitrile at 298.15 K. These tables show the molar conductance, 
Am values for each step of the titration as well as the concentration ratio (c2  / Cm +). c 2 and 
Cm+ are the ligand and metal-ion molar concentrations respectively in the conductance 
cell. The respective titration curves are shown in Figs. 3 .12-3 .17 .
The values of the limiting molar conductance, A°n, for alkali-metal perchlorates in
acetonitrile at 298.15 K have been reported in the literature148. The molar concuctance 
data presented in Tables 3.9 -  3.13 are found to be close to these values (170 -  191 S cm 
mol'1) at the beginning of the conductimetric titrations when most o f the cations remain 
uncomplexed. It should be noted however that A°m represents the molar conductivity for
the electrolyte that would hypothetically be measured in the limit of infinite dilution. 
Therefore the values obtained during the conductimetric experiments are expected to be 
lower.
Tables 3.9 and 3.10 show conductometric data for the titrations of Li+ and Na+ (as 
perchlorates) with />-/er/-butylcalix(4)arene tetramethyl ketone. The electrolyte salt was 
placed in the conductivity cell and a decrease in the conductivity was observed, clearly 
shown in Figs. 3.12 and 3.13, on the addition of the ligand. Thus, it is reasonable to 
conclude that the size of the complexed cation is bigger than that for the free cation and 
therefore, the complexed cation is characterised by a lower mobility compared with the 
free solvated ion, which leads to a decrease in the conductivity. A well defined change in 
curvature at the 1:1 stoichiometry of the reaction is observed in Figs. 3.12 and 3.13 which 
suggest the formation o f relatively strong complexes according to the equation shown 
below:
M+ (MeCN) + 2 (MeCN) -» M+2 (MeCN) (45)
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Table 3.11 shows conductimetric data for the titration of the same ligand with KCIO4 . 
Again, a decrease in the conductivity was observed on addition o f the ligand. In this case 
the break point observed at 1:1 mole ratio (Fig. 3.14) is not as sharp as those observed for 
the titration of Na+ and Li+ cations and 2. It is apparent that the potassium cation forms a 
weaker complex with 2 in acetonitrile than the lithium and the sodium cations. These 
results are in agreement with the observation from the UV experiments.
Tables 3.12 and 3.13 show conductimetric data for the titrations of p-tert- 
butylcalix(4)arene tetrametyl ketone with rubidium and caesium respectively. Almost no 
changes in the conductivity on addition of the ligand were observed. These findings lead 
to the suggestion that rubidium and cesium cations do not form complexes with this 
ligand in this solvent. This is in accord with the lH NMR spectra o f these cations and 2 in 
CD3CN which did not show changes in the chemical shifts of the ligand by addition of the 
metal cation.
In the case of silver (as perchlorate) (Table 3.14 and Fig. 3.17) a small decrease in the 
conductivity was observed. The stoichiometry of the reaction is not well defined 
suggesting that the complex formed is relatively weak.
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Table 3.9. Concentration ratio (c2 / C y + ) data and Am values for the titration of lithium 
cation (perchlorate as counter-ion) with /?-/er/-butylcalix(4)arene tetramethyl 
ketone in acetonitrile at 298.15 K.
c 2/ cLi+ Am [S cm2 mof1] C2 / CLi+ Am [S cm2 mol"1]
0.085 174.12 1.395 143.55
0.192 170.62 1.539 143.65
0.309 166.73 1.617 143.81
0.400 163.68 1.738 143.84
0.493 160.23 1.846 143.32
0.635 155.48 1.948 143.42
0.747 151.93 2.088 143.58
0.871 147.93 2.219 143.69
0.994 144.32 2.336 143.77
1.138 143.55 2.481 143.98
1.245 143.49 2.617 144.08
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Fig. 3.12. Conductimetric curve for the titration of lithium (perchlorate as counter-ion) 
withp-fer/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.13. Conductimetric curve for the titration of sodium (perchlorate as counter-ion)
with/7-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Table 3.10. Concentration ratio (c2 / cNa+) data and Am values for the titration of sodium 
cation (perchlorate as counter-ion) with p-ter/-butylcalix(4)arene tetramethyl 
ketone in acetonitrile at 298.15 K.
C2 / CNa+ Am [S cm 2 mol'1] C2/ Ci\>a+ Am [S cm 2 mol"1]
0.075 184.17 1.285 151.13
0.152 181.38 1.424 151.29
0.255 177.63 1.563 151.50
0.324 175.12 1.676 151.66
0.425 171.46 1.810 151.87
0.505 168.63 1.934 152.08
0.588 165.50 2.064 152.34
0.660 162.82 2.170 152.46
0.749 159.53 2.306 152.65
0.825 156.77 2.477 152.92
0.899 154.10 2.646 153.15
0.987 151.11 2.812 153.43
1.075 150.76 2.989 153.33
1.185 151.01
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Table 3.11. Concentration ratio (c2 / ck+) data and Am values for the titration of potassium 
cation (perchlorate as counter-ion) with /?-/er/-butylcalix(4)arene tetramethyl 
ketone in acetonitrile at 298.15 K.
c11CK+ Am [S cm 2 mol'1] C2/ Ck + Am [S cm 2 mol*1]
0.130 168.56 1.747 136.29
0.284 162.01 1.925 136.14
0.398 157.30 2.071 136.01
0.516 152.78 2.240 135.96
0.663 147.66 2.429 135.87
0.811 143.57 2.602 135.88
1.005 140.09 2.784 135.85
1.149 138.49 2.962 135.87
1.304 137.58 3.179 135.93
1.470 136.96 3.416 135.97
1.617 136.57
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Fig. 3.14. Conductimetric curve for the titration of potassium (perchlorate as counter­
ion) with/?-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
180 t
175-
E
"E 170
165
160
0.5 2.5
[2] / [Rb’J
Fig. 3.15. Conductimetric curve for the titration of rubidium (perchlorate as counter-ion)
with/?-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Table 3.12. Concentration ratio (c2 / CRb+) data and Am values for the titration of rubidium 
cation (perchlorate as counter-ion) with /?-ter/-butylcalix(4)arene tetramethyl 
ketone in acetonitrile at 298.15 K.
C2 / CRb+ Am [S cm 2 mol'1] C2 / CRb+ Am [S cm 2 mol'1]
0.132 169.32 1.339 169.35
0.207 169.37 1.460 169.31
0.325 169.32 1.571 169.31
0.409 169.29 1.705 169.28
0.512 169.27 1.811 169.28
0.606 169.28 1.910 169.23
0.724 169.24 2.014 169.21
0.818 169.31 2.143 169.23
0.912 169.31 2.261 169.35
1.013 169.30 2.390 169.54
1.1157 169.29 2.517 169.41
1.2286 169.34
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Table 3.13. Concentration ratio (C2  / ccs+) data and Am values for the titration o f caesium 
cation (perchlorate as counter-ion) with p-/er/-butylcalix(4)arene tetramethyl 
ketone in acetonitrile at 298.15 K.
c2/ Ccs+ Am [S cm2 mol"1] C2 / Ccs+ Am [S cm2  mol'1]
0.119 191.23 1.588 192.47
0 . 2 1 2 191.35 1 . 6 8 8 192.80
0.297 191.50 1.808 193.03
0.400 191.70 1.935 193.12
0.515 191.84 2.059 193.26
0.619 192.01 2.158 193.29
0.717 192.06 2.254 193.47
0.810 192.16 2.390 193.69
0.921 192.31 2.553 193.91
1.044 192.36 2.698 194.00
1.167 192.48 2.841 194.09
1.279 192.57 2.992 194.25
1.377 192.62 3.142 194.24
1.476 192.68
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Fig. 3.16. Conductimetric curve for the titration of caesium (perchlorate as counter-ion) 
with/?-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.17. Conductimetric cuive for the titration of silver (perchlorate as counter-ion) with
/?-ter/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Table 3.14. Concentration ratio (c2 / cAg+) data and Am values for the titration of silver 
cation (perchlorate as counter-ion) with / 7-/er/-butylcalix(4 )arene tetramethyl 
ketone in acetonitrile at 298.15 K.
cAg+ Am [S cm 2 mol'1] c2 / c Ag+ Am [S cm 2 mol'1]
0.955 128.09 1.614 123.44
0.219 127.65 1.733 123.13
0.337 127.16 1.848 122.84
0.492 126.78 2.006 122.49
0.604 126.38 2.140 122.19
0.734 125.99 2.279 121.97
0.829 125.74 2.441 121.64
0.973 125.29 2.571 121.39
1.108 124.90 2.702 121.14
1.245 124.47 2.843 120.94
1.348 124.18 2.989 120.74
1.480 123.76
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Figs. 3.18 -  3.25 show conductimetric curves for the titrations of alkaline-earth metal 
cations and some of the toxic metal cations with 2 in acetonitrile at 298.15 K. The 
respective Tables with conductance data are presented in Appendix C.
The conductimetric titration curves presented below show the presence o f relatively 
strong interactions between p-/er/-butylcalix(4)arene tetramethyl ketone and Ca2+, Sr2+ 
and Pb2+ cations in acetonitrile. For these systems, the molar conductivities decrease upon 
the addition of the ligand into the solution o f metal cations in acetonitrile. A shaip break 
at 1:1 stoichiometry was observed. Slightly weaker complexes were formed between 2 
and Ba2+, Hg2+and Cd2+ cations in this solvent. The curves recorded for magnesium and 
zinc did not show any break point at any stoichiometry suggesting that there are very 
weak complexes or no interactions take place between the ligand and these metal cations 
in acetonitrile.
As expected, the molar conductivity data increase for the bivalent in comparison with the 
monovalent cations. The lowest Am values observed for the titration of magnesium and 
zinc suggest that among the investigated bivalent cations Mg2+ and Zn2+ are best solvated 
in acetonitrile. It should be noted therefore that the size of these two uncomplexed cations 
with their solvation shell is relatively large. It is possible, that the size change of these 
cations on going from the free to the complex cation is not significant and therefore their 
mobility are not much affected.
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Fig. 3.18. Conductimetric curve for the titration of magnesium (perchlorate as counter­
ion) withp-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.19. Conductimetric curve for the titration of calcium (perchlorate as counter-ion)
with/>-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.20. Conductimetric curve for the titration of strontium (perchlorate as counter-ion) 
with p-ter/~butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.21. Conductimetric curve for the titration of barium (perchlorate as counter-ion)
with/?-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.22. Conductimetric curve for the titration of lead (perchlorate as counter-ion) with 
p-ter£-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.23. Conductimetric curve for the titration of mercury (perchlorate as counter-ion)
withp-ter/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.24. Conductimetric curve for the titration of cadmium (perchlorate as counter-ion) 
withp-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Fig. 3.25. Conductimetric curve for the titration of zinc (perchlorate as counter-ion) with
/?-fer/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
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Conductimetric experiments were also performed for all the above cations with p-tert- 
butylcalix(4)arene tetraphenyl ketone. Respective curves are shown on Figs. 3.26 -  3.39. 
The curves recorded for the titrations of /?-terZ-butylcalix(4)arene tetraphenyl ketone with 
rubidium, silver, magnesium and zinc (as perchlorates) in acetonitrile at 298.15 K show 
that the molar conductance decreases within a very narrow range as the metal cation is 
titrated with the ligand. This implies that during the complexation process, the change of 
the cation size in moving from the free to the complex cation will affect the mobility and 
therefore the conductance of the solution. Thus, the free cation with its solvation shell is 
smaller than the complexed cation. However, complex formation may occur but it is 
relatively weak, as shown in Figs. 3.29, 3.31, 3.32 and 3.39 which demonstrate that there 
is not any significant break point at any stoichiometry. Therefore, no stoichiometry was 
obtained from conductance measurements in acetonitrile for Rb+, Ag+, Mg2+ and Zn2+ and 
1. In the case of Cs+, no changes at all in the molar conductivities were observed when 
the ligand was added into the metal-ion solution so there is no evidence of complex 
formation o f this cation and /?-tert-butylcalix(4)arene tetraphenyl ketone. Comparison of 
these findings with those obtained from !H NMR data show that indeed no complexation 
was found for cesium cations with 1. Chemical shift changes of the ligand’s protons for 
the titration of Rb+ with 1 were not significant. However, these were greater for the 
interactions of Ag+, Mg2+ and Zn2+ and p-/er/-butylcalix(4)arene tetraphenyl ketone 
derivative. For the last three cations, the size (mobility) may not change during the 
complexation since these are well solvated in acetonitrile and as a result the changes 
observed in the molar conductance were relatively small.
Strong interactions with a well defined 1:1 stoichiometry were found from the 
conductimetric curves for the titration o f lithium, sodium, calcium, strontium, lead, 
cadmium and mercury cations and 1 in acetonitrile. Weaker complexes, but also with 
reasonably clear change in the slope of the curve at a m eta l: ligand ratio 1 : 1  were formed 
in the case of potassium and barium with this ligand in the same solvent.
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Fig. 3.26. Conductimetric curve for the titration of lithium (perchlorate as counter-ion) 
withp-/erZ-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.27. Conductimetiic curve for the titration of sodium (perchlorate as counter-ion)
withp-ter£-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.28. Conductimetric curve for the titration of potassium (perchlorate as counter-ion) 
withp-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.29. Conductimetric curve for the titration of rubidium (perchlorate as counter-ion)
with/>-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.30. Conductimetric curve for the titration of caesium (perchlorate as counter-ion) 
withp-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.31. Conductimetric curve for the titration of silver (perchlorate as counter-ion)
with/?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.32. Conductimetiic curve for the titration o f magnesium (perchlorate as counter­
ion) withp-te/7-butylealix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.33. Conductimetiic curve for the titration of calcium (perchlorate as counter-ion)
withJp-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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350
Fig. 3.34. Conductimetric curve for the titration of strontium (perchlorate as counter-ion) 
with/?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.35. Conductimetric curve for the titration of barium (perchlorate as counter-ion)
with/?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.36. Conductimetric curve for the titration of cadmium (perchlorate as counter-ion) 
with/?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.37. Conductimetric curve for the titration of lead (perchlorate as counter-ion) with
/?-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.38. Conductimetric curve for the titration of mercury (perchlorate as counter-ion) 
withj?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Fig. 3.39. Conductimetric cuive for the titration of zinc (perchlorate as counter-ion) with
p-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
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Similar conductimetric experiments using some bivalent cations were previously earned 
out with p-fer/-butylcalix(4)arene tetraethanoathe in MeCN at 298.15 K 91. In the case of 
the /?-/er/-butylcalix(4)arene ester derivative, strong complexation was found with lead 
and cadmium cations and weaker with mercury in acetonitrile at 298.15 K. p-tert- 
Butylcalix(4)arene ketone derivatives however are expected to form more stable 
complexes than the calix(4)arene ester derivative since the carbonyl oxygens are better 
donor atoms in the former relative to the latter ligand.
Conductimetric titrations can also be used to assess the solvent effect on the strength 
of interactions between macrocyclic ligands and metal cations. In a strongly solvating 
medium for cations, such as N, N-dimethylformamide, the solvation of the metal ion (and 
possibly o f the ligand) is stronger than in a solvent of lower solvating ability such as 
acetonitrile (as given by the Gutmann donor numbers 14.1 and 26.6 for MeCN and DMF 
respectively149). Solution Gibbs energy values of calixarene ketone derivatives presented 
in Section 3.2.3 show that indeed ligands 1 and 2 are better solvated in the latter solvent 
than in the former). The medium effect on the complexation process can be qualitatively 
investigated by conductance experiments in both solvents using the same ligand and 
metal cation. Formation of ion-pairs is avoided by using salts with large symmetrical 
anions such as perchlorates150.
The conductimetric curves recorded for the titrations of /?-ter/-butylcalix(4)arene 
tetraphenyl ketone with several metal cations in DMF at 298.15 K are presented in Figs. 
3 .40 -3 .43 .
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Fig. 3.40. Conductimetric curve for the titration o f lithium (perchlorate as counter-ion) 
withp-ter/-butylcalix(4)arene tetraphenyl ketone in N,N-dimethylformamide at 298.15 K
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Fig. 3.41. Conductimetric curve for the titration of calcium (perchlorate as counter-ion)
withp-ter/-butylcalix(4)arene tetraphenyl ketone in N,N-dimethylformamide at 298.15 K
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Fig. 3.42. Conductimetric curve for the titration of lead (perchlorate as counter-ion) with 
/?-ter/-butylcalix(4)arene tetraphenyl ketone in N,N-dimethylformamide at 298.15 K
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Fig. 3.43. Conductimetric curve for the titration of silver (perchlorate as counter-ion)
with/?-tor/-butylcalix(4)arene tetraphenyl ketone in N,N-dimethylformamide at 298.15 K
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It is apparent from Figs. 3.40 -  3.43 that veiy weak or no complexation takes place in 
N, N-dimethylfomiamide. For these systems, the molar conductance decreases within a 
very narrow range as the metal cation is titrated with the p-te/7-butylcalix(4)arene 
tetraphenyl ketone. The stoichiometry of the reactions investigated is not defined and 
therefore, no evidence for complex formation was obtained from conductance 
measurements for Li+, Ag+, Ca2+, Pb2+ and 1 in DMF at 298.15 K.
From the series of conductimetiic titrations in DMF and MeCN it is reasonable to 
conclude that the solvent plays a veiy important role in the complexation process between 
these macrocyclic ligand and metal cations. The strength of interactions decreases 
significantly as the Gutmann donor number of the solvent increases. For the cations 
which form strong complexes with 1 in acetonitrile (Li+, Ca2+, Pb2+) almost no 
complexation in DMF was observed. The only evidence of interactions between the p -  
terributylcalix(4)arene tetraphenyl ketone and the metal cation in DMF was obtained 
from the experimental work involving the sodium cation and this will be discussed later 
on in this thesis (see Section 3.7).
From conductance measurements it can be concluded that 1 interacts with lithium, 
sodium, potassium, calcium, strontium, barium, lead, mercury and cadmium cations in 
acetonitrile at 298.15 K forming complexes of 1:1 stoichiometry. This ligand seems also 
to interact with rubidium, silver, magnesium and zinc cations in MeCN however the 
stoichiometiy of these complexes could not be determined. No evidence for complexation 
o f 1 with metal cations (Li+, Ag+, Ca2+, Pb2+) was found in N, N-dimethylformamide.
As far as ligand 2 is concerned, complex formation was observed with lithium, sodium, 
potassium, calcium, strontium, barium, lead, mercury and cadmium cations in acetonitrile 
at 298.15 K. These are 1:1 stoichiometry complexes. Weak interactions between 2 and the 
silver and the magnesium cations were also observed in this solvent but the stoichiometry 
could not be determined.
To proceed with the thermodynamic characterisation of the complexation processes 
involving calix(4)arene ketone derivatives and metal cations in acetonitrile at 298.15 K it 
is important to know not only the composition o f these complexes but also the speciations 
present in solution. For this purpose, the conductance of metal-ion salts was measured at 
different ionic strengths of the electrolyte in acetonitrile and this is now discussed.
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3.4.4. Conductance measurements of the free metal-ion salts
To proceed with the thermodynamics of complexation involving ionic species it is 
important to consider that the process represented by eq. 1 (page 2 ) requires the metal-ion 
free and complex salts used in these measurements to be fully dissociated so cations are 
predominantly as ionic species in solution. The speciations present in solution must be 
checked particularly when multicharged ions are investigated in non-aqueous media since 
they have a more pronounced tendency to undergo ion-pair formation with the counter­
ion than univalent cations. Therefore conductance experiments were earned out using 
calcium, barium and lead perchlorate salts. Conductance measurements at different 
concentrations of metal-ion perchlorate salts (the range of concentrations covers those 
used later on in calorimetric titrations) were carried out. Molar conductivity, Am, (eq.19) 
was plotted against the square root of the ionic strenght of the electrolyte, 1 1/2 as shown in 
Fig. 3.44. Straight lines were obtained for each of the investigated cases meaning that 
these salts are predominantly in their ionic forms at these concentrations in acetonitrile at
298.15 K. Strontium is assumed to behave similarly to calcium and barium salts. Mercury 
and cadmium salts have been investigated151 and they also behave as strong electrolytes at 
the concentrations used in acetonitrile at 298.15 K.
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Fig. 3.44. Molar conductance, Ara , against the square root o f the ionic strenght I for 
a) Ca(C104)2, b) Ba(C104 ) 2 and c) Pb(C104 ) 2 in MeCN at 298.15 K.
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Having determined i) the stoichiometry o f the complexes formed between 1 and 2 with 
m etal cations in acetonitrile and ii) that the salts are predominantly in their ionic forms 
in this solvent at 298.15 K, the thermodynamics o f these systems was investigated 
using potentiometry and calorimetry and this is now discussed. As far as the complex 
salts are concerned these were assumed to be fully dissociated in acetonitrile because 
they consist o f a large cations and therefore are expected to have a lower tendency to 
interact with the counter-ion in comparison with the free metal cations.
3.5. T h erm o d yn am ics  o f com plexation  o f calix(4)arene ketone derivatives  
and metal cations in acetonitrile  at 298.15 K
3.5.1. Potentiometric titrations
Potentiometry is one o f the most accurate techniques for the determination o f metal ion 
activities. The stability constant o f a complex formed between a metal ion and a ligand 
in solution can be calculated when the concentration o f the free metal ion at 
equilibrium is known together with the total concentrations o f the metal ion, the ligand 
and the stoichiometry o f the complex. This technique allows the study o f stable 
complexes when low concentrations can be measured. A  brief description on the 
principles involved in potentiometry is now given.
3.5.1.1. Electrodes
Potentiometric methods make use o f the relationship between the activity o f the metal- 
ion in solution and an electrical potential o f the appropriate electrode. This electrode 
(indicator or working) is introduced in the solution containing metal cations. The 
simplest electrodes are built from a metal wire introduced into the solution containing 
its own ions. The potential adopted by the electrode as a function o f the activity o f the 
ions in solution is expressed by the Nemst equation,
E  = E Y , u  + ^ F l n T c : - (46)nr aM o
In eq. 46, Em is the standard potential o f the electrode (a =  1 mol dm'3), R  is the gas 
constant (8.314 J mol ' 1 K '1), T is the temperature in Kelvin, F is the Faraday constant 
(96,487 C mol'1) and n is the number o f electrons in the redox process. In this 
equation, aM+ and aM° are the activities o f the metal cations and the metal (aM° = 1 ). 
Since it is not possible to measure the potential o f a single electrode, during the 
potentiometric experiments, the electromotive force (emf) is measured for the system
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containing a working (or indicator) electrode (its potential depends on the cation 
activity) and a reference electrode (constant potential). Both electrodes are in electrical 
contact with the cation solutions, connected to the potentiometer. The changes o f em f 
recorded during the course o f the titration are due to potential changes o f the working 
electrode.
The activity o f many cations can be determined using ion-selective electrodes, which 
contain a membrane selective to a particular cation. These electrodes can be divided 
into different groups depending of the material o f which the membrane is built e.g. 
glass, crystal or polymer. However these membranes are usually selective for more 
than one cation and therefore the potential depends not only on the activity o f the ion 
o f interest but also on other ions present in the solution. Using ion-selective electrodes, 
low concentrations o f the metal-cation can be measured and therefore they are very 
useful for determination o f stability constants o f relatively stable complexes.
3.5.1.2. Calibration of the silver electrodes
The silver electrodes were calibrated as described in the Experimental Section. 
The calibration o f the electrode needs to be performed prior to potentiometric titrations 
in order to check the reliability o f the working system. Figure 3.45 shows a plot o f 
potential against -log [Ag+].
•log [Ag*]
Fig. 3.45. Calibration o f the silver electrode in acetonitrile at 298.15K.
In all calibration experiments the slope o f the plot o f potential against -log[A g+] shows 
good agreement with the theoretical value (-59.16 mV for univalent cations at 298.15
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K) ■ which comes from the N emst equation by inserting the temperature, gas and 
Faraday constants and the number o f electrones exchanged in the redox process.
3.5.1.3. Determination of the stability constants of 1 and 2 with the silver cation 
in acetonitrile at 298.15 K
Stability constants of the p-ter/t-butylcalix(4)arene tetraphenyl and tetramethyl ketones 
with the silver cation in acetonitrile at 298.15 K (eq. 47) were determined by 
potentiometry.
A g+ (MeCN) + L (MeCN) -  ■£«-> A g+L (MeCN) (47)
For these measurements, an electrochemical cell formed by two silver electrodes was 
used as described in the Experimental Section. The electromotoric force, em f (mV), 
measured by the potentiometer is the difference between the potentials of the two 
silver electrodes:
■f j? t? ipO i t-io RT  ^ R T . ct2 ,.0v.em f = E2 - E , = E A s+ - - -  In a 2 -  EAg-  —  In a, = — - In ■-2- (48)
r  r  r
at 298.15 K; em / = 59.16 l o g (49)
a\
The ionic strength was kept constant using TBAP and therefore, the activities in eq. 49 
can be exchanged by concentrations of silver ions as the corrections associated with 
activity are the same for ai and a2.
em f = 59.16 log—  (50)
c\
The concentration of the free silver cations in the working vessel can be easily 
calculated from the electromotive force readings since the concentration o f the cations 
in the reference vessel is constant and known.
The stability constant o f the silver complex formed in the process represented by 
eq.47, was calculated using the following expression,
K s = A + f 3 -  (51)
In eq. 51, [Ag+L], [Ag+] and [L] are the concentrations of the silver 1 or the silver 2 
complex, the free silver cation and the free ligand 1  or 2  respectively.
The total concentrations o f ligand, [L]t and silver cation, [Ag+]x are known, the 
concentration of the free silver cation can be found from the potential readings (eq. 50) 
and therefore,
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[Ag+L] = [Ag+]T -  [Ag+] (52)
[L] = [L]T — [Ag+L] (53)
Stability constants o f 1 and 2 and the silver cation in acetonitrile at 298.15 K obtained 
from potentiometric titrations are reported in Table 3.15 together with the standard 
deviation (eq. 26) and derived Gibbs energy o f  complexation. Standard Gibbs energy 
o f  complexation, ACG° was calculated using eq. 7 (page 27).
T able 3.15. Stability constants and derived standard Gibbs energies o f complexation 
o f 1 and 2 with the silver cation in acetonitrile at 298.15 K  determined by 
potentiometry
A g+ (MeCN) + 1 (MeCN) — > A g+1 (MeCN)
log Ks = 3.35 ±0.03
ACG° / k j mol ' 1 = -1 9 .1 + 0 .2
A g+ (MeCN) + 2 (MeCN) — Ag + 2 (MeCN)
log Ks = 2.65 ±0.01
ACG° / kJ mol ' 1 =  -15.70 ± 0.05
Stability constant values reported in Table 3.15 show that both p-tert- 
butylcalix(4)arene ketone derivatives are able to interact with the silver cation in 
acetonitrile at 298.15 K. The complexes formed are relatively weak in accord with the 
conclusions obtained from conductance measurements.
The log Ks for the Ag+2 complex in acetonitrile at 298.15 K was previously 
determined by McKervey et al2 7  and the reported value (log Ks = 2.4) which is in a 
reasonable agreement with that calculated from the potentiometric titration data (log Ks 
= 2.65). Stability constant for the silver cation and 1 has not been reported in the 
literature. Higher stability o f the silver complex and 1 relative to 2 can be explained by 
the presence o f the aromatic ring next to the carbonyl group in the former ligand. In 
such a case, the electrons from the aromaric ring can be shifted to the carbonyl oxygen 
which becomes more electronegative and interacts stronger with the metal cation in
136
Chanter 3 - Results and Discussion
comparison with the carbonyl oxygen of the tetramethyl ketone derivative in which 
this effect does not ex is t.
It has been demonstrated in this Section that potentiometry can be applied for the 
determination o f the stability constants o f these macrocyclic ligands with the silver 
cation. However, to understand better the process taking place, the enthalpy and 
entropy o f complexation should also be determined. Then it would be possible to state 
which o f these two factors (ACH° or ACS°) has a greater influence on the complex 
stability (in terms o f Gibbs energy -  Table 3.15). The stability constant values should 
also be checked using another method. The best method for the determination o f the 
enthalpy o f  complexation is calorimetry. Since the stability constant values for the 
silver cation and these ligands in this solvent are well within the scope o f calorimetry, 
titration calorimetry was the technique selected to derive the thermodynamics o f 
complexation o f p-ter/-butylcalix(4)arene ketone derivatives and metal cations in 
acetonitrile at 298.15 K and this is now discussed. .
3.5.2. Titration calorimetry
Titration calorimetry is a technique which has been developed by Izatt and co-workers 
in the 70's for the simultaneous determination o f the stability constant (hence Gibbs 
energy) and enthalpy values for the complexation process involving metal cations and 
macrocyclic ligands1 5 2  ' 154. This technique measures the temperature changes
produced during the titration o f the metal-ion solution with the ligand or vice versa. 
The data are then interpreted in the form o f a thermogram i.e. a plot o f the heat versus 
the number o f moles o f titrant added (Fig. 3.46).
Fig. 3.46. Thermogram for the reaction A  + B = C, showing the effect that the 
value o f the equilibrium constant has on the shape o f the thermogram . 1 5 2
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The range o f applicability o f titration calorimetry is within certain limits. The 
technique can be used for the simultaneous determination o f the stability constant (log 
Ks) and the enthalpy (AH) values provided that the complexation process does not 
reach 100 %. The thermogram is related to the Ks value, when AH is assumed to be 
constant as shown in Fig. 3.46.
The stability constant o f the complex expressed as log Ks should be between 1 and 6  
log units. The curves for the system with log Ks > 6  differ only slightly from one 
another; hence it would be difficult to calculate Ks values accurately in this region. For 
low stability constants (log Ks < 1), the percentage o f complex formed is very small. 
Consequently, an extrapolation to 100 % complexation to obtain the AH value could 
lead to inaccurate enthalpy data. The dependance o f AH with the amount o f complex 
formed is obvious in that if  the AH value is small, the heat change in the calorimeter is 
correspondingly small.
However, the Ks values for relatively strong complexes can be obtained from 
‘displacement titration calorimetry’ and this is now discussed.
3.5.3. Displacement titration calorimetry
In the case o f relatively stable metal-ion - ligand complexes (log Ks > 6 ) the stability 
constants can be measured using the displacement (competitive) calorimetric titration 
method suggested by Izatt et al . In this method, a solution o f a metal-ion complex, 
M™+L (for which the stability constant (log Ksi) and the enthalpy o f complexation 
(AcHi°) are well established) placed in the reaction vessel is titrated with the solution 
o f another metal cation, M "+ whose log K s 2  and ACH2° are unknown. I f  log K s 2  > log 
Ksi then the following competition process takes place (eq. 54).
The overall KoV value expressed in terms o f molar concentrations for the process 
described by eq. 54 is given by eq. 55,
m ™+l + m ; + > m ; +l + m " + (54)
[ M r L ] x [ M H  
°v [M”+L ] x [ M n
(55)
Ksi and Ks2 are given by eqs. 56 and 57 respectively,
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K CMTL]
15 [L ]x[M “+]
K [m ;+l ]
25 [l ] x [m ; + ]
Therefore
K2s Kqv x Kjs
and
log K2s =  log Kov + log Kis
The enthalpy o f complexation, ACH2°, is a sum o f A0VH° and AcHi° values.
The following conditions must be fulfiled to obtain reliable data by using this method 
i) log K2s > log Kis, ii) AcH2° *  AcHi° and iii) 1 < log KoV < 6 .
Using the same method and keeping the above conditions it is possible to calculate the 
log Kis and AcHi° values if  the appropriate values are known for M 2n+ and the same 
ligand in the same solvent.
The use o f titration calorimetry requires the determination o f the burette delivery rate 
(BDR) and this is discussed in the following Section.
3.5.4. BDR determ ination
To determine the amount o f the titrant delivered by the burette in a known period of 
time, measurements were carried out as described in Section 2.2.7.3. Table 3.16 lists 
data for the determination o f the burette delivery rate. A  plot o f time against the 
volume o f water is shown in Fig.3.47.
(56)
(57)
(58)
(59)
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T able 3.16. Data obtained for the determination o f the burette delivery rate (BDR) at 
298.15K
W eight (g) Time (s) Volume (ml)
0.0379 5.77 0.038
0.0538 8.06 0.054
0.0546 8.34 0.055
0.0686 10.27 0.069
0.0837 12.47 0.084
0.0906 13.71 0.091
0 . 1 0 2 0 15.24 0 . 1 0 2
0.1156 17.35 0.116
0.1352 20.24 0.136
0.1507 22.55 0.151
0.1613 24.26 0.162
0.1691 25.26 0.170
0.1835 27.49 0.184
0.2023 30.33 0.203
0.2195 32.89 0 . 2 2 0
0.2336 35.24 0.234
0.2547 38.31 0.255
0.2822 42.43 0.283
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t(s)
Fig. 3.47. Time (s) vs. volume (ml) o f water used for the determination o f BDR at 
298.15 K
Having established the DR o f the burette (6.7 x IO' 3 ml sec'1) to be used in the 
calorimetric titrations, the standard reaction involving tris[hydroxy methyl]- 
aminomethane and an aqueous solution o f hydrochloric acid was carried out and this is 
now discussed. The aim o f this experiment is to check the reliability o f  the equipment 
used for the determination o f the thermodynamic parameters o f complexation o f p-tert-  
butylcalix(4)arene tetramethyl ketone derivativative and metal cations.
3.5.5. Standard reaction used in titration macrocalorimetry
The determination o f the enthalpy o f protonation o f THAM (Tris[hydroxy methyl]- 
aminomethane) in an aqueous solution o f hydrochloric acid (0.1 mol dm'3) at 298.15K 
was carried out using the Tronac 450 macrocalorimeter as described in the 
Experimental Section. The process taking place can be described by eq. 60
H2NC(CH2OH)3{aq) + H30 \ aq) -+ H3N +C(CH2OH)3(aq) + H20 {aq) (60)
The total heat o f reaction recorded during the titration experiment, qr, was corrected for 
the heat due to the hydrolysis o f THAM in water, qh, and for the heat o f dilution o f 
THAM, q<j. The heat o f protonation is thus,
%=9r~<lh-^d (61)
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The hydrolysis reaction o f THAM in aqueous solution may be represented by:
THAM + H20  -+  HTHAM+ + OH AhH° (62)
In eq. 62, the hydrolysis constant, Kb, is given by:
R  [H TH A M * ] x [OH ~ ]
* [THAM ] ’
The reported value expressed as log Kh is -5.929. 1 5 5  
The molar concentration o f OH was calculated from:
[OH ] = (Khx [THAM]) 14 (64)
and the heat associated with the hydrolysis o f THAM in water was calculated from
qh = [OH ] x V x AhH° (65)
In eq. 65, V (dm3) is the volume o f THAM added in each step and AhH° is the standard 
enthalpy o f water formation (-55.89 kJ mol' 1 ) 1 3 5  at 298.15 K.
Therefore, the enthalpy o f protonation, APH, is expressed as;
ApH = +  (66)
In eq. 6 6 , n is the number o f moles o f  THAM added in each step o f  the titration.
The data obtained from this experiment are shown in Table 3.17. Standard deviation o f 
the average value was calculated using eq. 26.
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Table 3.17. Standard enthalpy o f protonation o f an aqueous solution o f  THAM with 
HC1 at 298.15 K.
t  (sec) V (ml) Q r (J) Q h (J) Q tham (J) AH (kJ m o l1)
20.31 0.1353 -0.5561 -0.0024 -0.5537 -47.77
20.76 0.1383 -0.5684 -0.0024 -0.5659 -47.76
20.49 0.1365 -0.5537 -0.0024 -0.5513 -47.14
20.70 0.1379 -0.5635 -0.0024 -0.5611 -47.49
20.44 0.1361 -0.5561 -0.0024 -0.5537 -47.46
20.51 0.1366 -0.5586 -0.0024 -0.5562 -47.51
20.46 0.1363 -0.5625 -0.0024 -0.5600 -47.96
20.48 0.1364 -0.5625 -0.0024 -0.5600 -47.91
20.58 0.1371 -0.5568 -0.0024 -0.5544 -47.20
20.44 0.1361 -0.5568 -0.0024 -0.5544 -47.52
The value obtained (-47.6 ± 0.3 kJ m ol'1) is in good agreement with those reported in 
the literature and those previously determined at the Thermochemistry Laboratory, 
University of Surrey (Table 3.18) at 298.15 K.
Table 3.18. Standard enthalpy o f protonation o f THAM in an aqueous solution o f  HC1 
at 298.15 K
Author AH° / k j mol' 1 Reference
Eatough, Christensen, and Izatt -47.47 a 135
Ojelund and Wadso -47.49 b 156
Ng -47.56 b 157
Pacheco Tanaka -47.63 0 158
Jafou -47.510 159
Zapata Ormachea -47.43 c 160
a Values obtained using reaction macrocalorimeter, Values obtained using reaction 
microcalorimeter,c Values obtained using Tronac 450 macrocalorimeter
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3.5.6. Standard reaction used for the 2277 Thermal Activity Monitor
The standard reaction used for titration microcalorimetry experiments in this work 
is that suggested by Briggner and W adso1 3 8  (eq.67)
Ba2+ (H20 ) + 18 crown 6  (H20 ) ----- > [Ba2+-18 crown 6 ] (H20 ) (67)
The stability constant (log Ks) and derived standard Gibbs energy (ACG°), standard 
enthalpy (ACH°) and standart entropy (ACS°) o f complexation o f the crown ether and 
barium cation in water at 298.15 K  obtained from microcalorimetric titration are 
reported in Table 3.19 together with the values previously reported in the literature.
Table 3.19. Thermodynamic parameters o f complexation o f Ba2+ with 18-C-6 in water 
at 298.15 K.
logK s ACG° (kj m ol'1) ACH° (kJ m ol'1) ACS° (J mol ' 1 K '1)
3.75 ± 0.05 -21.40 ±0.01 -31.3 ±0 .3 -33.2
3.72 ± 0.05a -2 1 . 2 0  ± 0 . 0 1 -31.7 ± 0 .2 -35.3
3.77 ± 0.01b -21.52 ±0.01 -31.4 ± 0 .2 -33.2
a Ref.157; b Ref.l38
Comparison o f the values obtained from the microcalorimetric titration shows good 
agreement with those reported in the literature for the same process157,138.
Having determined the burette delivery rate and the reliability o f both calorimeters 
through the determination o f log Ks and ACH° values for the standard reactions, 
calorimetric titrations were carried out with the aim o f obtaining quantitative 
information regarding the complexation processes involving /?-/er/-butylcalix(4)arene 
ketone derivatives and metal cations and these are reported in the following sections.
3.5.7. Determination of stability constants and the enthalpies of complexation by 
titration calorimetry
In the calorimetric titration experiment, the metal-ion solution is added stepwise 
to the solution o f the ligand in the same solvent and the process taking place is given 
by eq. 1 (page 2). Stability constant o f the complex formed, Mn+L (based on the 
assumption that = 1 and y+Mn+L= Y±Mn+) is given by eq. 68
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where [Mn+L], [Mn+] and [L] are the molar concentrations o f  the complex, the free 
metal and the free ligand in the reaction vessel respectively. The heat o f reaction (1) 
from the start o f the titration to any point p ,  Qp is given by eq. 69
Qp = AH x AnML = AH x [Mn+L] x V (69)
In eq. 69, AH is the change in the enthalpy for the reaction and AnML is the number o f 
moles of Mn+L formed from the start o f the titration to point p.  AnML can be easily 
calculated if  the Ks value is known. However, if  the Kg value is unknown, an 
approximate value can be used instead. In this case, a corresponding AnML value can be 
derived and the AH can then be obtained at a given point p  from eq. 69. These 
calculations should be repeated for every point o f the titration (i.e. for each addition o f 
the Mn+ solution) using the same approximated Ks value. The AH and Ks values are 
constant for a given reaction and therefore, the calculated enthalpy change is expected 
to be the same for each point. I f  such is not the case, a new approximate Ks value 
should be chosen and AH calculated until a Ks value is found for which the enthalpy 
value is the same at each point o f the titration. These are the correct Ks and AH values 
for the reaction described by eq. 1 .
In general, the best stability constant and enthalpy values can be calculated by the least 
squares estimation algorithm from a set o f m measurements (titration points) by 
minimising the sum o f squared differences, U, between the experimental and 
calculated values o f Q as shown in eq. 70.
U-£(Q., -Q c * ° ) 2 = I ( Q « p  -  AHx AnM L ) 2 =E(Q«P -A H x [M "+L ]xV ) 2 (70)
m  m  m
The set o f Ks values is then assumed and for each Ks value the corresponding [Mn+L] 
and AH are calculated. Then the function U  is evaluated until the optimal values for Ks 
and AH are found so that U is minimised.
The concentration o f Mn+L for each Ks value is calculated using the following 
equations,
[Mn+]T = [Mn+L] + [Mn+] (71)
[L]t = [Mn+L] + [L] (72)
K  = __________ W B B __________
s ([M n+]T - [ M n+L ])x([L ]T -[M n+L])
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[M”+L ] 2  -  ([L]t  + [M"+]t +1/Ks) [M"+L] + [L]x [M"+]t = 0 (74)
The negative solution o f the above quadratic equation is quaranteed to fulfil the 
necessary constraints [Mn+L] > 0 and [L]T > [Mn+L] and is given by,
[Mn+L]=
'[L ]t +[M”*]t + U
Ks
[L]t + [M " ] t + ±  - 4 [L]t [M11*).
Ks
(75)
In eqs. 71 -  75, [L]t and [Mn+]T are the total concentrations o f the ligand and the 
metal-ion in the reaction vessel respectively.
Having calculated [Mn+L], the enthalpy change value can be found using a linear least 
square optimalisation algorithm given in eq. 70.
In practice, the computer programs for the calculation o f Ks and AH were developed at 
the Thermochemistry Laboratory158. The first one is applied to calculate the total 
concentrations o f  the ligand and the metal-ion in the reaction vessel after each addition 
o f the titrate from the burette as well as the corresponding heat corrected for the 
dilution effect. The second program calculates the Ks and AH values for the reaction 
under investigation using the data derived from the first program.
As explained previously (Section 3.5.2), Ks can only be calculated from titration 
calorimetry for the complexes where the log Ks value is lower than six. However, the 
enthalpy o f complexation can be found regardless o f the stability constant value. For 
stable complexes (log Ks > 6 ), a 1 0 0  % o f complexation is assumed and the number o f 
moles o f the complex formed during the titration is taken equal to the moles o f the 
reactant added from the burette to the reaction vessel (for the reaction o f 1 : 1  
stoichiometry). The measurements are taken until the concentration o f  the titrate added 
become equal to the concentration o f the reactant in the vessel ([L]t = [Mn+]T). In such 
a case, the ACH was calculated from eq. 25 (see Section 2.2.7.3).
To determine the stability constants o f stable complexes (log Ks > 6 ), competitive 
calorimetric titrations (see Section 3.5.3) were canied out. The calculation o f KoV and. 
AHov for a reaction given by eq. 54 is discussed in the following Section.
3.5.7.1 . Determination of the equilibrium constant and enthalpy change from 
competitive calorimetric titration data
A geneal idea for the calculation KoV and AH0V values for the reaction represented by 
eq. 54 is the same as that shown in the previous Section for the direct calorimetric
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titration. In the competitive titration method, eq. 70 was also applied. However in this 
case the calculation o f the concentration o f the complex formed, [M 2 +L] requires 
some additional steps since in the complexation process more species are present in 
solution. Thus, the computer program for the calculation o f Ks and AH was modified 
using the following equations,
[ M H t  = [M 1ra+L] + [M;n+] 
[M ;+]t  = [M2+L] + [M’2+ ] 
[L]t = [Mjn+L] + [M 2 +L] 
therefore KqV (eq. 55) can be expressed as,
K, [M " L ]x ([M r]T -([L]t -[M ” L])) 
([L]t - [ M rL ] )x ( [M n T -[MJ+L])
(76)
(77)
(78)
(79)
(1 - 1/Kov) [M rL ]2-([L]T+ [ M r ] T+ [M,? T ~[L3t ) [M”+L]+ [ M r iT[L]T = 0
K ov
(80)
In eqs. 7 6 - 8 0 ,  [ M it11+] t , [ M 2,1+] t  and [ L ] t are the total concentrations o f the metal-ion 
complex formed at the beginning o f the reaction, the metal cation added from the 
burette and the ligand, respectively.
The concentration o f the complex formed, [M "+L] is then calculated from eq. 81. 
Charges o f the metal cations (n+ and m+) are omitted to simplify the expression.
[M 0L] =
[ L ] t +[M2]t + [MJt -[L],
K„„
[L]t + [M2]t  +
[M JT -[L], -  4 (1 - 1/K0V )[M 2 ]t  [L] 1
2 (1-1/K0V)
(81)
The computer programs used to calculate [M2n+]x and [ L ] t  values from the
experimetal data and to derive KqV and AH are included in Appendix E.
The equations presented in Section 3.5.7 were used to calculate the thermodynamic 
parameters o f complexation o f /?-ter/-butylcalix(4)arene tetramethyl ketone with metal 
cations in acetonitrile at 298.15 K  using calorimetric (direct or competitive) titrations 
and this is discussed in the following Section.
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3.5.8. Determination of the thermodynamic parameters of complexation of the 
tetramethyl ketone derivative with various metal cations in MeCN at 298.15 K
Having established the strength and the stoichiometry of the reactions between the 
ligands and metal cations using UV and conductance measurements, the 
thermodynamic parameters of complexation of 2 with metal cations in acetonitrile at
298.15 K were determined. Enthalpies of complexation were measured by direct 
calorimetric titrations using either the Tronac 450 macrocalorimeter or the 2277 TAM 
microcalorimeter. Each experiment was performed at least twice. Stability constants 
for K+, Ag+, Mg2+, Ba2+, Hg2+ and Cd2+ were also calculated from these experiments 
since their values are within the scope of calorimetry. For cation complexes of high 
stability (log Ks greater than six), competitive calorimetric titrations (using either the 
micro or the macro calorimeter) were carried out for the process shown in eq. 54.
The potassium and barium cations were first used as M™+ for which the 
thermodynamic parameters were known from previous direct calorimetric 
experiments. Stability constants and enthalpies of complexation for 2 with Na+and 
Pb2+ were calculated using the following equations,
log KPb2+2 (Na+2) = log Kk+2 (Ba2+2) + KqV (82)
ACH° Pb2+2 (Na+2) = ACH° K+2 (Ba2+2) + AH°0V (83)
The reliability of these data was checked by comparing the ACH° values obtained from 
competitive titrations with those derived from direct calorimetry. An illustrative 
example for the calculation of the log Ks and the ACH° values from competitive 
calorimetric titrations is now given.
3.5.8.1. Derivation of the stability constant and the standard enthalpy of 
complexation of 2 and the lead cation in acetonitrile at 298.15 K
For the displacement reaction given in eq. 84,
K+2 (M eC N ) + Pb2+ (M eC N ) > Pb2+2 (M eC N ) + K+ (M eC N ) (84)
the stability constant and the enthalpy of complexation for K+2 complex was first 
determined by direct calorimetric titration. These experiments were repeated six times 
and the average values of log Ks -  4.8 ± 0.1 and ACH° = -37.2 ± 0.9 kJ mol'1 were 
obtained. Then, the same experiments were performed with 2 and Pb2+. To check if the 
heat of reaction is independent of the electrolyte concentration, these titrations were
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carried out using different concentrations of the metal-ion salt. The data are presented 
in Table 3.20. Since the stability constant for lead and 2 was found to be out of the 
scope of direct calorimetry, only the enthalpy of complexation was calculated from 
these experiments. Then the displacement experiment was performed. Thus the K+2
complex placed in the calorimetric vessel was titrated with the solution containing
21 #
Pb cations. Although, conductance measurements did not show any indication of 
ion-pair formation for the lead salt in the range of concentrations used (perchlorate as 
counter-ion) in acetonitrile at 298.15 K (Fig. 3.44 c), the competitive titration was also 
performed at different concentrations of Pb2+. The calculated KqV and AH0V values are 
shown in Table 3.20.
Table 3.20. Thermodynamic parameters of complexation of 2 and Pb2+ and 
thermodynamic parameters of the displacement processes (eq. 84) in 
acetonitrile at 298.15 K at different concentrations of the lead cation.
Pb2+ + 2 -> Pb2+2
[Pb2+] / mol dm'3 logKs AH° / k j mol'1
6.34 x 10'3 > 6 -63.7 ±0.8
9.21 x 10'3 > 6 -61.6 ±1.4
2.78 x 10'2 > 6 -63.4 ±1.0
5.17 x 10‘2 > 6 -62.0 ± 0.5
Average: -62.7 ±1.0
K+2 + Pb2+ Pb2+2 + K+
[Pb2+] / mol dm'3 log Kov AH°0V / kJ mol"1
1.64 x 10'2 4.40 ± 0.20 -24.8 ± 0.9
2.73 x 10'2 4.49 ± 0.04 -26.8 ± 0.2
4.94 x 10'2 4.38 ± 0.03 -24.0 ± 0.2
Average: 4.42 ± 0.06 Average: -25 ± 1
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The data in Table 3.20 shows that the enthalpy values and the KoV do not depend on 
the concentarion of the electrolyte. Thus, log Ks and ACH° for Pb2+ and 2 in acetonitrile 
at 298.15 K were calculated from the competitive method as follows,
log Ks (Pb2+) = log Ks (K+) + log Kov = 4.8 + 4.42 = 9.22 (85)
ACH° = -  37.3 -  25.2 = -62.4 kJ mol' 1 (86)
The enthalpy value obtained from the competitive titration was found to be close to 
that derived from the direct experiment.
To check the reliability o f the competitive method and the obtained log Ks value, a 
similar displacement experiment was carried out using the Ba2+2 complex instead of 
the K+2 complex (eq. 87).
Ba2+2 (M eC N )+  Pb2+ (M e C N ) » Pb2+2 (M eC N ) + Ba2+ (M eC N ) (87)
The log Ks and ACH° values for the former complex obtained from the direct titration 
were found to be 5.10 and -37.3 kJ mol' 1 respectively. Then from the competitive 
reaction KoV was found to be 4.21 ± 0.08 and AH0V = (-27.9 ± 0.3) kJ mol'1. Finally, 
the corresponding thermodynamic parameters for 2 and Pb2+ were calculated.
log Ks (Pb2+) -  log Ks (Ba2+) + log Kov = 5.10 + 4.21 = 9.31 (88)
ACH° = -37.3 -  26.9 = -64.2 kJ mol'1 (89)
The above calculations show that in both cases (with potassium and barium 
complexes), a similar value of log Ks for the lead complex with the ketone derivative 
in acetonitrile was obtained from two independent competitive calorimetric titrations. 
The average value of these two experiments was taken as the log Ks value for the Pb2+- 
2 complex in acetonitrile [log Ks = (9.22 + 9.31) / 2 = 9.27]. The appropriate ACH° was 
taken from the direct titration (-62.7 kJ mol"1) as this value is likely to be more 
accurate than that from the competitive method.
Having determined the thermodynamic parameters of complexation for the Pb2+2 
complex, the lead cation was used to determine these patameters for 2 and other metal 
cations for which the direct titration could not be applied. In these experiments, Pb2+ 
was used as M214 (according to eq. 54) while Mim+ in each experiment was exchanged 
to the appropriate metal cation. The stability constant was calculated from eq. 59. 
However in these cases, the K2s value was known and the Kis was calculated. The 
thermodymanic parameters of complexation of 2 with the mercury and the cadmium 
cations obtained by direct and competitive experiments in acetonitrile at 298.15 K are 
presented and discussed in the following Section.
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3.5.8.2. Derivation of the stability constant and the standard enthalpy of 
complexation of 2 and mercury and cadmium cations in acetonitrile at 
298.15 K
To determine the thermodynamic parameters for the complexation process between p - 
ter/-butylcalix(4)arene tetramethyl ketone and the mercury cation in MeCN at 298.15 K, 
the direct calorimetric titration was first carried out at different concentrations of Hg2+. 
The appropriate log Ks and ACH° values are presented in Table 3.21.
Table 3.21. Stability constant and the standard enthalpy of complexation of 2 with 
mercury (II) cation at different concentrations of Hg2+ in acetonitrile at 
298.15 K
[Hg2+] / mol dm'3 log Ks ACH° / kJ mol'1
Hg2+ + 2 Hg2+2
9.85 x 10'3 5.70 ± 0.02 -29.9 + 0.5
2.93 x 10'2 5.80 + 0.04 -29.6 ± 0.2
3.61 x 10'2 6.20 + 0.01 -30.8 ±0.8
5.20 x 10'2 5.70 ± 0.02 -29.0 ±1.0
Average: 5.9 ± 0.2 Average: -29.8 ± 0.8
The data presented in the Table 3.21 show that there are only slight changes of the 
stability constant and the enthalpy of complexation o f 2 and Hg2+ by altering the 
concentration of the electrolyte meaning that no appreciable ion-pair formation 
occurred in solution within the concentration range used in these experiments. This is 
in agreement with previous conductance experiments164. Therefore an average is taken 
as the log Kg and the ACH° values for this system in acetonitrile.
The stability constant value for the Hg2+-2 complex in acetonitrile however is very 
close to the limit of values that can be accurately measured by direct calorimetry. 
Thus, the direct reaction was followed by the displacement titration of Hg2+2 with Pb2+ 
in acetonitrile at 298.15 K using the 2277 TAM microcalorimeter as shown in eq. 90
Hg2+2 (M eC N ) + Pb2+ (M eC N ) > Pb2+2 (M eCN ) + Hg2+ (M eC N ) (90)
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The log Kov value for the reaction described by eq. 72 was found to be 3.4 ± 0.2 which 
gives the stability constant value for the Hg2+2 complex, log Ks = 9.3 -  3.4 = 5.9. This 
value is in an excellent agreement with the value obtained from the direct 
macrocalorimetric titration.
As far as the complexation of cadmium and tetramethyl ketone in acetonitrile is 
concerned, thermodynamic parameters of complexation were calculated from direct 
microcalorimetric titrations and the stability constant value was also found to be very 
close to the upper limit of determination by direct calorimetry. Two additional 
competitive titrations were carried out in order to check this value (log Ks = 6.6). In 
one of them, the K+2 complex was titrated with Cd2+ according to the reaction given 
by eq. 91 while in the other the Cd2+2 complex was titrated with Pb2+ (eq. 92).
K+2 (M eC N ) + Cd2+ (M eC N )----------> Cd2+2 (M eC N ) + K+ (M eC N ) (91)
Cd2+2 (M e C N ) + Pb2+ (M e C N )  > Pb2+2 (M e C N ) + Cd2+ (M e C N ) (9 2 )
From the former experiment, log KoV was found to be 1.6 so a log Ks value of 6.4 for 
the Cd2+2 complex was calculated.
As far as the process described by eq. 92 is concerned, the log KoV = 2,7, and the log Ks 
value for the Cd2+2 complex was found to be 6.6.
These values obtained from competitive calorimetric titrations are very close to the 
ones calculated from the direct experiment showing that although the latter is close to 
the upper limit for the determination of log Ks values by titration calorimetry, the 
agreement between these two sets of data is satisfactory.
Sections 3.5.8.1 and 3.5.8.2 show representative examples for the calculations 
performed to derive the stability constant of relatively strong complexes from 
calorimetric data. Besides lead, cadmium and mercury, calorimetric titrations were 
carried out to obtain the thermodymanic parameters of complexation of 2 with alkali, 
alkaline-earth and silver metal carions in acetonitrile at 298.15 K. Moreover the Gibbs 
energies and entropies of complexation were calculated using eqs. 7 and 8. 
Thermodynamic parameters of complexation for the cations under investigation are 
presented and discussed in the following Section.
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3.5.8.3. Thermodynamic parameters of complexation of 2 and metal cations in 
acetonitrile at 298.15 K
Table 3.22 lists the thermodynamic parameters of complexation derived from direct 
and (or) competitive calorimetric titrations. The log Ks for the silver cation and 2 
reported in Table 3.22 is an average o f the value obtained by potentiometry (Table 
3.15, Section 3.5.1.3) and the two values obtained from direct calorimetry (2.86 and 
2.77).
Table 3.22. Thermodynamic parameters of complexation of 2 and various metal 
cations in acetonitrile at 298.15 K
cation log Ks ACG° / kJ mol'1 ACH° / kJ mol'1 ACS° / J mol'1 IC1
Li+ 6.9 ± 0.2 -39.4 ±1.1 -40.7 ± 0.2 -4.4
Na+ 8.5 ± 0.2 -48.5 ±1.3 -66.0 ± 0.8 -58,6
K* 4.8 ±0.1 -27.4 ± 0.4 -37.2 ± 0.9 -32.9
Ag+ 2.8 ± 0.1a -16.0 ±0.4 -15.7 ±0.7 1.0
M g 2+ 3.3 ±0.1 -19.0 ±0.6 48.3 ± 0.6 225.8
Ca2+ 12.16 ±0.07b -69.41 ±1.2b -65.3 ± 1.7b 14.0b
Sr2+ 7.9 ± 0.2 -45.1 ±1.1 -49.8 ± 0.4 -15.8
Ba2+ 5.1 ±0.1 -29.1 ±0.4 -37.3 ± 0.4 -27.5
Pb2+ 9.3 ± 0.2 -53.1 ±1.1 -62.7 ±1.0 -32.3
Cd2+ 6.6 ± 0.1 -37.6 ± 0.5 -22.7 ± 0.6 50.2
Hg2+ 5.9 ± 0.2 -33.7 ±1.1 -29.8 ± 0.9 13.0
a Average value from calorimetric and potentiometric titrations 
b From Ref. 151
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It is apparent from the data presented in Table 3.22 that the /?-terf-butylcalix(4)arene 
tetraketone derivative is able to bind several metal cations in acetonitrile at 298.15 K. 
Relatively strong complexes are formed not only with the alkali but also with alkaline- 
earth and some of the toxic metal cations. The highest value for log Ks was found for 
Ca2+. A quantitative assessment on the selectivity of the ligand for a metal cation with 
respect to another can he made by taking the ratio o f stability constants (eq. 93). 
Selectivity factors for calcium relative to other cations are presented in Table 3.23.
(93)
Table 3.23. Selectivity of the tetramethyl ketone for Ca2+ relative to other metal 
cations in acetonitrile at 298.15 K
Cation (Mn+) S
Pb2+ 7.2 x 102
Na+ 4.6 x 103
Sr2* 1.8 x 104
Li+ 1.8 x 105
Cd2+ 3.6 x 105
Hg2+ 1.8 x 106
Ba2+ 1.1 x 107
K+ 2.3 x 107
Mg2+ 7.2 x 108
Ag+ 2.3 x 109
It could be concluded from the above Table that the complexation of p-tert- 
butylcalix(4)arene tetramethyl ketone with the calcium cation is five thousand times 
stronger than that with sodium, ten thousand times stronger than that with strontium 
and ~7 x 108 times stronger than that with magnesium.
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/?-ter/-Butylcalix(4)arene tetramethyl ketone shows the same behaviour towards 
alkali-metal cations as the tetramethyl and tetraethyl ester derivatives88 (Fig.3.48). 
The peak selectivity was observed for sodium for all these ligands. Higher log Ks 
values for ketone calix(4)arene complexes in comparison with ester calix(4)arene 
complexes are due to the more basic character of the carbonyl group of the former 
ligand relative to the latter.
r/A
Fig.3.48. Logarithm of the stability constants of the alkali metal complexes with ester 
and ketone calix(4)arene derivatives in acetonitrile at 298.15 K vs. ionic 
radius of the metal cation.
A similar behaviour could be drawn for the /?-/er/-butylcalix(4)arene tetraketone and 
alkaline-earth metal cations and the peak selectivity is observed for the Ca2+ complex. 
Investigations concerning the /?-ter/-butylcalix(4)arene tetraethyl ester 
derivative151 and bivalent cations shows that the highest log Ks value was also found 
for the calcium complex in acetonitrile at 298.15 K.
The complexation of the p-/er/-butylcalix(4)arene tetraketone derivative with ‘hard’ 
metal cations such as alkali and alkaline-earth metal cations was expected since these 
have a tendency to interact with ‘hard’ donor atoms of the ligand. However, 
interactions between the ligand and ‘soft’ metal cations were also observed. For these 
ions, polarisation effects and covalent interactions may make an appreciable 
contribution to the experimentally determined thermodynamic parameters. Therefore
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the correlation of these parameters with their size will not work as well as for the 
‘hard’ cations. In Fig. 3.49 cations of equal charge and approximately equal size are 
compared in ‘hard’- ‘soft’ pairs. In each case, log Ks values are greater for the ‘hard’ 
metal cation rather than with the appropriate ‘soft’cation of similar size.
Fig. 3.49. Stability constants (log Ks) of complexes of 2 with ‘hard’ and ‘soft’ metal 
cations in acetonitrile at 298.15 K. Ionic radius ( A) in brackets94
Since the stability of the ‘soft’ metal-ion complexes cannot be correlated with their 
size, Danil de Namor has discussed their stability (or derived Gibbs energy) in terms of 
the solvation Gibbs energies, AsoivG° of these cations151. This investigation concerns 
bivalent metal cations (Cd2+, Hg2+, Pb2+) including the ‘hard’ alkaline-earth metal 
cations (Mg2+, Ca2+, Sr2+ and Ba2+).
The Gibbs energies of solvation in acetonitrile at 298.15 K are limited only to a few 
data94. However, some approximations were made to assess the predominant role 
either of the binding or the solvation energy on the complexation Gibbs energies of 2 
and bivalent cations in acetonitrile. Therefore, the following facts were considered,
i) The solvation Gibbs energies in acetonitrile reported for a few bivalent metal 
cations (AsoivG° = -1975 kJ mol'1, -1724 kJ mol'1, -1464 kJ mol' 1 for Zn2+, Cd2+ 
and Ca2+ respectively)94 were compared with the hydration Gibbs energies, AhG° 
for these cations are -2028 kJ m o l1, -1801 kJ mol' 1 and -1593 kJ mol' 1 for zinc, 
cadmium and calcium cations.
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ii) The difference between the solvation and the hydration values for the appropriate 
cation expressed as the transfer Gibbs energy, AtG° from water to another solvent 
(acetonitrile in this case) as shown in eq. 94 was considered
ASoivG° = AhG° + AtG° (94)
The AtG° values for the above cations were considered small relative to the AhG° 
values and the relative sequence for cations remains the same in water and 
acetonitrile. The AsoivG0 is slightly more positive than the corresponding A],G0 
values,
iii) The Gibbs energies of hydration are available for all the bivalent metal cations 
under investigation94.
Thus, in an attempt to correlate the standard Gibbs energies of complexation with the 
Gibbs energies of hydration, the ACG° values for 2 and bivalent cations in acetonitrile 
(Table 3.22) were plotted against AhG° for these cations94 as shown in Fig. 3.50.
AhG° /  kJ mol’1
Fig. 3.50. ACG° values for 2 vs. AhG° of bivalent metal cations in acetonitrile at 298.15 K
Figure 3.50 illustrates that the two forces (binding and desolvation) are partially 
compensated showing a selectivity peak. Going from barium to calcium, the absolute 
binding energy overcomes the increased energy required for the desolvation of the 
cation. A maximum stability is reached for Ca2+, afterwhich the binding energy is not 
enough to counteract the energetic requirements for the desolvation process. The 
stability decreases (ACG° becomes more positive) to an extent that a relatively weak
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complex was found for magnesium (the highest solvated cation). As far as zinc is 
concerned, no complexation was observed in acetonitrile which was considered 
predictable from the solvation energy of this cation (even more negative than 
magnessium)94. Similar behaviour to that observed for the tetramethyl ketone 
derivative was also found for the p-/er/-butylcalix(4)arene tetraethyl ester derivative 
and bivalent cations in acetonitrile151. The absolute binding energies for all the cations 
under investigation were higher for complexation processes involving the former 
ligand relative to the latter.
As far as the enthalpies are concerned, the combination of the binding enthalpy 
(negative) and the enthalpy of desolvation of the cation in the solvent under 
investigation (positive) to the ACH° were considered. The complex is enthalpically 
more stable when the binding enthalpy is more negative than the solvation enthalpy of 
the cation in the appropriate solvent. For all the cations under investigation the 
complexation processes in acetonitrile are enthalpically stabilised. The only exception 
is Mg2+. This cation may be better solvated in MeCN due to its charge and small size 
than others in the alkaline-earth series. For this cation, the binding enthalpy does not 
overcome the desolvation enthalpy of the cation and, as a result, the complexation 
enthalpy is positive.
‘Soft’ cations, such as cadmium, mercury and silver are better solvated in acetonitrile 
than alkali, alkaline-earth metal and lead cations and this was considered to explain the 
less favourable enthalpy of complexation of the former cations relatively to the latter. 
Significant solvation of ‘soft’ cations is also reflected in the entropy of complexation. 
The factors, which contribute to the entropy of complexation of macrocycles and 
cations in solution are the desolvation o f the reactants and solvation o f the product and 
the conformational changes that the ligand undergoes upon the complexation. The 
more positive ACS° found for ‘soft’ relative to ‘hard’ cations was attributed to a greater 
desolvation of the former cations which leads to an increase in disorder because more 
free solvent molecules are released.
The data presented in Table 3.22 show that Ca2+, Cd2+, Hg2^  and Ag+ are both 
enthalpically and entropically stabilised while all other cations (except magnesium 
previously discussed) are entropically destabilised.
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Relatively high stability constant values presented in Table 3.22 for most 
complexes give the opportunity to isolate the crystals of these complexes and 
determine their structure in the solid state. Suitable crystals were obtained for X-ray 
diffraction studies for the 2-Cd2+ complex using perchlorate as the counter-ion and this 
is now described.
3.6. X-ray crystallographic studies of the cadmium and acetonitrile 
complex of p-te/T-butylca!ix(4)arene tetramethyl ketone
Crystal data, data collection procedure, structure determination methods and 
refinement results for the cadmium complex with the tetramethyl ketone calix(4)arene 
are summarised in Table 2.2 (see Experimental Part). The obtained structure is 
presented in Fig. 3.51. The macrocycle hosts a metal cation within the hydrophilic 
pocket while the hydrophobic cavity is filled with an acetonitrile solvent molecule. An 
interesting feature of this compound was found concerning the inclusion of the MeCN 
molecule. In contrast to most other calix(4)arene complexes, the solvent molecule was 
found with the CN end pointing inward to form a Cd - N bond.
The orientation of acetonitrile in the cadmium complex is opposite to that found in the 
free ligand 2, its lead complex151 and in most of the X-ray structures reported in the 
literature161'164. This fact suggests that depending on the nature of the cation, 
interaction in the hydrophilic cavity pre-organises the hydrophobic cavity as to host a 
molecule of acetonitrile oriented in such a way as to optimise its binding in the 
complex (allosteric effect).
As far as the p-/er/-butylcalix(4)arene tetramethyl ketone complex is concerned, the 
eight fold coordination achieved by this compound is striking, given that besides the 
four ethereal oxygen atoms [Cd -  O distances from 2.374(1) to 2.417 (1) A], three of 
the four carbonyl oxygen atoms of the ligand [d (Cd -  O) distances from 2.370 (1) to 
2.377 (1) A] interact with the cation. The eight co-ordination site is provided by the 
nitrogen atom of the acetonitrile solvent molecule [Cd - N  distance; 2.428 (2) A].
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C113
Fig. 3.51. Side and top views of the cadmium and acetonitrile complex of 2.
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The observed configuration in the cadmium complex of 2 can be described 
either as a distorted triangular dodecahedron or as a distorted bicapped trigonal prism. 
However, the rather large degree of distortion and the fact that the symmetry axes of 
the ideal octahedron are not even nearly parallel to the approximate symmetry axis of 
the calix, make these descriptions of little use. The observed configuration could be 
described as an irregular polyhedron defined by a top acetonitrile -  N -  capped square 
arrangement of the four ethereal oxygen atoms, nearly parallel to a triangular base 
formed by three of the four carbonyl oxygen atoms [dihedral angle = 4.60 (1)°]. The 
square and triangular arrangements are nearly perpendicular to the metal to capping -  
nitrogen direction [-0.7° and 3.9° with the respective plane normal directions]. The 
carbonyl oxygens point away from the coordination polyhedron as shown in Fig.3.52.
The two perchlorate ions and the space-filling solvent molecules are in the periphery 
o f the complexes at interstitial lattice sites.
Thermodynamics of complexation of the p-/er/-butylcalix(4)arene ketone derivative 
with various (mono -  and bivalent) metal cations has been discussed in acetonitrile. 
This ligand appears to complex a wider range of metal cations than previously 
reported54,90. It has also been demonstrated that the solvation of the metal cation is an 
importand factor to be considered in such study. The solvation of the ligand and 
complex formed should also be investigated. In order to assess quantitatively the 
solvent effect on the complexation process, a detailed investigation on one metal 
cation -  ligand system in different solvents was carried out and discussed using 
thermodynamic parameters of complexation and the solution parameters o f the 
reactants and the product involved. This is presented in the following Sections of this 
thesis.
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3.7. Thermodynamics of p-ferf-butylcalix(4)arene tetraphenyl ketone and 
Na+in acetonitrile, benzonitrile and N, N-dimethylformamide at 298.15 K
In this Section a detailed study on the thermodynamics of the complexation process
involving 1 and the sodium cation is reported taking into account the solution properties
of the reactants and the product in various solvents. The aim is to assess quantitatively the
medium effect on the complexation process. The complexation process can be
represented by eq. 95
Na+ (s) + 1 (s) -+ Na+1 (s) (95)
Sodium cation was selected for these investigations because i) its perchlorate salt is fully 
dissociated in MeCN, PhCN and DMF and ii) the stability constant of Na+2 complex in 
acetonitrile at 298.15 K was found to be higher than the previously reported value derived 
from UV spectrophotometry54,90 (see Section 3.6) and this is also expected for the Na+1 
complex in the same solvent.
The stoichiometry of the Na+1 complex in acetonitrile (1:1) was established from the UV 
(Section 3.3.2) and conductance (Section 3.4.3) measurements. Conductimetric titrations 
of the sodium cation with p-ter£-butylcalix(4)arene tetraphenyl ketone were canied out in 
benzonitrile and N, N-dimethylformamide and these are discussed in the next Section.
3.7.1. Conductance measurements
In an attempt to assess the medium effect on the complexation process (eq. 95) and to 
determine the stoichiometry of the complex formed, conductimetiic titrations were 
canied out with Na+ and 1 in different solvents. The curve obtained in acetonitrile was 
previously shown in Section 3.4.3 (Fig.3.27). Conductimetric curves for Na+ and 1 in 
benzonitrile (PhCN) and N,N-dimethylformamide (DMF) are shown in Fig.3.52. While 
the former solvent shows the formation of a strong complex, complexation in DMF is 
much weaker than in PhCN and MeCN. In each solvent one sodium cation interacts with 
one molecule of the ligand.
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[1] / [Na+]
0.0 0.5 1.0 1.5 2.0 2.5
[1] / [Na+]
Fig. 3.52. Conductometric titration curves of sodium (as perchlorate) with 1 in PhCN (a) 
and DMF (b) at 298.15 K
Strong interactions are observed between the sodium cation and /?-/er/-butylcalix(4)arene 
tetraphenyl ketone and therefore attempts were made to isolate the complex to determine 
its structure in the solid state. Suitable crystals were obtained for X ray diffraction study 
and the structure of Na+1 complex (perchlorate as counter-ion) was determined by Prof.
E. E. Castellano and Dr O. E. Piro. This is discussed in the following Section.
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3.7.2. X-ray crystallographic studies of the sodium and acetonitrile complex of 1
The sodium complex of 1 was prepared as described in the Experimental Section. To 
obtain the crystals suitable for X-ray crystallography, the complex was dissolved in an 
acetonitrile -  ethanol mixture and left in an open bottle until the crystals were formed. 
The X ray structure obtained by Prof. Eduardo E. Castellano and by Dr Oscar E. Piro is 
presented in Fig.3.53.
Fig. 3.53. Side and top views of the sodium and acetonitrile complex. The MeCN 
nitrogen atom is denoted by a darkened ellipsoid.
As can be seen from Fig. 3.53 the macrocycle hosts a sodium ion in the hydrophilic 
pocket and an acetonitrile solvent molecule in the hydrophobic cavity. The acetonitrile 
molecule is tilted in about 14° from the macrocycle axis. The calix exhibits a slightly 
distorted cone conformation. The corresponding 5-values are 8i=l 14.7(1), 52= 117 .3(2), 
53=117.3(1) and 84= 114 .4(2)°. The sodium ion is eight-fold coordinated by the four 
ethereal oxygen atoms [Na-0  bond lengths ranging from 2.403(4) to 2.502(3) A] and the 
four carbonyl oxygen atoms [Na-O distances from 2.490 to 2.582(4) A] of the 
OCH2(CO)Ph pendant arms, arranged at the comers of a distorted Archimedean square 
antiprism. The ethereal and carbonyl oxygen atoms lay on the two distinct antiprism 
square bases, and are tilted about 32° (rather than 45° as in the ideal antiprism) from
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each other. The Na+ ion is sandwiched between these two bases and closer to the plane of 
ethereal oxygen atoms [0.986(3) A] than to that of the carbonyl oxygen atoms [1.358(3) 
A]. This finding is in agreement with the conclusion drawn from the 1H NMR 
measurements involving the sodium cation and 1 in CD3CN.
The four terminal phenyl rings are located away from the hydrophilic pocket, adopting a 
propeller-like conformation.
The perchlorate ion and the ethanol and water molecules are located outside the complex 
at interstitial lattice sites. The EtOH solvent molecule is H-bonded to one perchlorate 
oxygen atom [Me(CH2)04..05 distance of 2.84(2) A and Me(H2C)-04...05 angle of 
98(3)°].
Similar eight-fold coordination have been previously observed for the potassium complex 
of p-/er/-butylcalix(4)arene tetraacetamide 67 and the Na+163 and Ag+162 complexes of 
calix(4)arene derivative with OCH2 (2-pyridyl) pendant arms.
Having determined the structure of the complex in the solid state, thermodynamics of the 
complexation process in solution was investigated and this is now discussed.
3.7.3. Conductance measurements of the sodium perchlorate complex
To fulfil the requirements of eq. 95, the free and complex electrolytes need to be 
predominantly as ions in solution. This behaviour was previously observed for the sodium 
perchlorate salt in acetonitrile148, N,N-dimethylformamide165 and benzonitrile166. As far 
as the complex salt is concerned it can be assumed that, since this cation is larger than the 
free sodium cation, the former is expected to have lower tendency to interact with anion 
and therefore the complex salt should be fully dissociated. This statement however should 
be verified experimentally and therefore conductance measurements involving the sodium 
perchlorate complex salt were performed at the Thermochemistry Laboratory.
Data for the limiting molar conductance, A°m and ion-pair formation constant, Ka for 
NaClC>4 and NalC104 in acetonitrile, N,N-dimethylformamide and benzonitrile at 298.15 
K calculated by Danil de Namor’s group are reported in Table 3.24. These values were 
derived from conductance data at different electrolyte concentrations. The data from 
Table 3.24 shows that these electolytes are fully dissociated in these solvents.
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Table 3.24. Limiting molar conductances, A°m and ion pair formation constants, Ka for 
NaClC>4 and NalClCL in acetonitrile, N,N-dimethylformamide and 
benzonitrile at 298.15 K
Solvent
A m° / S cm2 mol'1 
NaC104 NalC104 NaC104
K a
NalC104
M eCN 180.633 145.26d 11 diss.
DMF 82.30b 73.41d diss. diss.
PhCN 49.28c 36.21d 207 diss.
a Ref. 148 b Ref. 165 0 Ref. 166 d Ref 121
The thermodynamics of 1 and Na+ in MeCN, DMF and PhCN were determined. In the 
following Section, the potentiometric technique used for the determination of the stability 
constant is discussed.
3.7.4. Potentiometric determination of the stability constants of 1 and Na+ in various 
solvents at 298.15 K
The system used in this work to determine the stability constant of the sodium complexes 
of the calixarene derivatives in different solvents was described in Section 2.2.6. The 
reference half-cell consisted of a silver wire in a solution of Ag+ in the apropriate solvent 
and the indicator electrode was the sodium selective glass electrode (Russel) introduced 
into the solution containing sodium cations.
Potential readings for this system depend on the logarithm of the concentration (activity) 
of the sodium cations according to the Nemst equation,
em f=A  + 59.16 log ai (96)
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In eq. 96, the A value is constant during the experiment and depends on the standard 
potentials of the working and the reference electrodes and on the concentration of the 
silver cations in the reference vessel. This value can be found by measuring the 
electromotoric force of the system for different electrolyte concentrations during the 
calibration experiment (Fig. 3.54).
Fig. 3.54. Plot of potential vs. logarithm of the Na+ concentration at 298.15 K 
3.7.4.1. Calibration of the electrodes
The electrode was calibrated as described in the Experimental Section. Typical plots on 
the potential vs. logarithm of the sodium cation concentration are presented in Fig. 3.55.
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-log [Na4]
-log pMa4]
-log JNa4]
Fig. 3.55. Calibration of the sodium electrode in benzonitrile (a), in N,N-
dimethylformamide (b) and in acetonitrile (c) at 298.15 K
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3.7.4.2. Potentiometric determination of the stability constants of Na+1 complex in 
acetonitrile, benzonitrile and N, N-dimethylformamide at 298.15 K
Stability constants of 1 and the sodium cation in MeCN, PhCN and DMF at 298.15 K 
obtained from potentiometric titrations are reported in Table 3.25 together with the 
derived standard Gibbs energy of complexation, ACG° (eq. 7).
Table 3.25. Stability constants and derived standard Gibbs energies of complexation of 1 
the sodium cation in acetonitrile, benzonitrile and N, N-dimethylformamide 
at 298.15 K determined by potentiometry
solvent log Ks ACG° / kJ mol"1
MeCN 8.89 + 0.03 -50.7 ±0.1
PhCN 8.12 + 0.04 -46.4 ±0.2
DMF 3.48 ±0.02 -19.6 + 0.1
As far as the stability constants for Na+1 are concerned, the highest stability of the 
complex was found in acetonitrile. An important point to stress is that the value in 
acetonitrile presented in Table 3.25 differs significantly from that previously reported by 
Amaud-Neu et al90. The log Ks calculated from UV spectrophotometric data was lower 
by 2.8 than that obtained by direct potentiometric titration. As discussed in the 
Introduction, the former technique is not suitable for the determination of stability 
constants of highly stable complexes. To check the reliability of the values obtained using 
the ion selective electrode, log Ks for Na+1 in DMF was determined by direct calorimetry. 
The stability constant value in this solvent is well within the scope of this method. 
Calorimetry also gives the opportunity to determine the enthalpy and therefore to 
calculate the entropy of complexation. This is discussed in the following Section.
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3.7.5. Thermodynamics of complexation of 1 and Na+ in dipolar aprotic media
Stability constants (Ks) and derived standard Gibbs energies, ACG°, enthalpies, ACH° 
and entropies, ACS°, of complexation of /?-ter/-butylcalix(4)arene tetramethyl ketone and 
sodium cation in acetonitrile, N, N - dimethylformamide and benzonitrile at 298.15 K are 
listed in Table 3.26 together with the standard deviation (eq. 26) of the data. Enthalpies of 
complexation represented by eq. 95 in different solvents were determined from 
calorimetric titration data. The stability constant in N,N-dimethylformamide obtained by 
titration microcalorimetry (log Ks = 3.38) was in a good agreement with the value derived 
from potentiometry. Therefore the average value is reported in Table 3.26. The 
thermogram recorded in DMF using the 2277 Thermal Activity Monitor microcalorimeter 
is shown in Fig. 3.56.
Fig.3.56. Thermogram obtained from the microcalorimetric titration of sodium 
(perchlorate as counter-ion) with with />-terf-butylcalix(4)arene tetraphenyl 
ketone in N, N-dimethylformamide at 298.15K
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Table 3.26. Thermodynamic parameters for the complexation of Na+ and 1 in dipolar 
aprotic media at 298.15 K
Solvent logKs ACG° / k j mol'1 ACH° / kJ mol*1 ACS° / J K'1 mol' 1
MeCN 8.89 ± 0.03 a -50.7 ±0.1 -76.0 ± 2.0 b -85.1°
D M F 3.43 ±0.03 a,b -19.6 ±0.1 -49.0 ± 1.0 b -99.9°
PhCN 8.12 ± 0.04 a -46.4 ± 0.2 -47.7 ± 0.4 b -4.6°
a Potentiometric data using the sodium selective electrode b Titration microcalorimetry 
c Calculated from ACG° and ACH° values (eq.8).
Standard Gibbs energies of complexation for these systems reported in Table 3.26 show 
the medium effect on the complexation process. Thus, acetonitrile and benzonitrile offer 
suitable complexation media while this process is less favourable in N,N- 
dimethylformamide and this verify the observations made from the conductimetric 
titration curves (Figs. 3.27 and 3.53).
In all cases, the complexation process is enthalpically controlled and a loss of entropy 
was observed (particularly in acetonitrile and N,N-dimethylformamide). The small 
entropy loss in benzonitrile plays a major role in the stability observed in this solvent 
relative to acetonitrile (similar log Ks values) and N,N-dimethylformamide (lower logKs). 
The thermodynamics of complexation of a given system in one solvent relative to another 
is controlled by the different degrees of solvation of the reactants and the product in these 
media (eq. 10). In the following Section, transfer thermodynamic parameters (AtP° = 
AtG°, AtH° and AtS°) of the free and the complex cations and the ligand from acetonitrile 
to the other solvents are discussed.
3.7.6. Transfer thermodynamics of reactants and product
By inserting the appropriate data in eq. 10, a quantitative assessment can be made 
about the factors which control the selective complexation in one solvent relative to 
another. Optimum conditions for complexation are offered by a solvent, which is a good 
solvator for the metal-ion complex and a poor solvating medium for the reactants106,114.
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3.7.7.1. Transfer Gibbs energies
In terms of transfer Gibbs energies, solvate formation was observed when the ligand 
was exposed to saturated atmospheres of N, N-dimethylformamide and benzonitrile (see 
Table 3.3, Section 3.2.3.). Therefore it was not possible to derive AtG° values for the 
ligand from acetonitrile to these solvents. The solvation factors which contribute to the 
changes in stability observed from one solvent to another can only be assessed 
qualitatively. As far as the MeCN - DMF solvent system is concerned, the sodium cation 
is better solvated in the latter solvent than in the former [AtG° (Na4) (MeCN —> DMF) = - 
23.93 kJ mol”1, data based on the PlqAsPb^B convention at 298.15K]99. The data 
presented in Table 3.3 show that the solubility of the /?-tor/-butylcalix(4)arene 
tetraphenyl ketone is much higher in DMF than in MeCN. Therefore, in this case, both 
reactants contribute to the high stability in acetonitrile relative to N,N- 
dimethylformamide. In the MeCN - PhCN solvent system, the sodium cation is better 
solvated in acetonitrile relative to beznonitrile (positive transfer Gibbs energy value from 
MeCN to PhCN). In contrast, the solubility of 1 is higher in benzonitrile than in 
acetonitrile. The slightly higher stability in MeCN relative to PhCN must be attributed to 
the contribution of the ligand and may be of the metal-ion complex.
In terms of enthalpy, solvate formation is not a limitation and therefore a quantitative 
assessment on the contribution of reactants and product to the different stabilities (in 
enthalpic term) in one solvent relative to another can be made and this is now discussed.
3.7.7.2. Standard transfer enthalpies from acetonitrile
Standard transfer enthalpies for the ligand are reported in Section 3.2.4. Single-ion 
transfer enthalpies for Na+ from MeCN to DMF and PhCN at 298.15K based on the 
PfqAsPfriB convention have been reported in the literature99,167,168.
Therefore the enthalpies of solution, ASH°, of the sodium 1 perchlorate salt in these 
solvents at 298.15K have been determined and the data are listed in Table 3.27.
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Table 3.27. Enthalpies of solution of the sodium /?-ter£-butylcalix(4)arene tetraphenyl 
ketone complex in acetonitrile, N, N-dimethylformamide and benzonitrile at 298.15K
MeCN DMF
c / mol dm' 1 ASH / kJ mol'1 c / mol dm4 ASH / kJ mol4
1.42 x IO4 -48.05 1.09 x 104 -39.29
3.39 x 104 -46.60 3.27 x 104 -39.90
5.54 x 104 -47.93 4.34 x 104 -38.75
5.70 x 104 -47.94 5.11 x 104 -39.35
6.98 x 104 -47.67 8.05 x 104 -39.72
9.93 x 104 -47.03 1.31 x 10'3 -39.58
1.16 x 10'3 -47.20
fa O II i47.5 ± 0.5 kJ mol1 li
©fart<1 39.4 ± 0.4 kJ mol'1
PhCN
c / mol dm' 1 c1/2 ASH / kJ mol4
1.21 x 104 0.01100 -25.53
1.86 x 104 0.01364 -26.7
2.37 x 104 0.01539 ' -27.39
2.73 x 104 0.01652 -30.41
3.45 x 104 0.01857 -32.43
4.90 x 104 0.02214 -33.48
5.10 x 104 0.02258 -34.41
5.63 x 104 0.02373 -34.11
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The enthalpy of solution of NalC104 complex in acetonitrile and N, N- 
dimethylformamide did not change with the concentration of the electrolyte used and 
therefore an average was taken as the standard enthalpy of solution of N alC 104 in these 
solvents at 298.15 K.
However in benzonitrile, the heat of solution was dependent on the salt concentration. In 
this case ASH values were plotted against the square root of the concentration and a 
straight line was obtained (Fig.3.57). The intercept of this line is taken as the standard 
enthalpy of solution of the NalCKY) complex in PhCN (-17.0 ± 1.0 k j mol"1).
Fig.3.57. Plot of ASH vs. c1/2 for NalClC>4 in benzonitrile at 298.15 K
The standard transfer enthalpies, AtH°, of the reactants and the product, from acetonitrile 
to other solvents were calculated using eq. 11 ,
Taking the single-ion AtH° value for the CIO4 ion (-5.1 kJ mol' 1 in DMF99 and 3.1 kJ 
mol'1 in PhCN171), the corresponding data for the Na+1 cation was calculated (both values 
are based on the Ph4AsPh4B convention).
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Eq. 10 can be also represented via a thermodynamic cycle106,114 (eqs. 97 and 98) where 
the relevant enthalpy values are inserted in the cycle for the following solvent systems,
M eCN -D M F
a+ (MeCN) + 1 (MeCN) _A j£^76i0 kJ mol^ . ^ a+ j  (MeCN)
AtH° = -19.4 
kJmor1
AtH =3.4 
kJmol'1
AtH°= 13.2 
kJmol-1
a+ (DMF) + 1 (DMF) -A fH° = -4?.0kJmor  ^ Na+ 1 (DMF)
(97)
MeCN-PhCN
a+ (MeCN) + 1 (MeCN) :76.0 kJ mol'^
AtH° = 3.8 AtH° = -3.4
kJ mol*1 M m ol'1
▼ ir 0 i T
sfa+ (PhCN) + (PhCN) A<-H =-47.7kJmql;,. N a
1 (MeCN)
AtH° = 27.3 
kJ mol'1
1 (PhCN)
(98)
As far as the MeCN-DMF solvent system is concerned an interesting feature of these data 
are the changes in enthalpic stability observed for the free relative to the complex cation 
to an extent that while the sodium cation is enthalpically more stable in DMF (negative 
AtH° from MeCN to DMF), the opposite behaviour is shown by the metal-ion complex 
(positive AtH° from MeCN to DMF).
N, N-dimethylformamide is known to interact more strongly with alkali-metal cations 
than acetonitrile" and this explains the favourable AtH° from MeCN. Regarding the 
metal-ion complex there are two important features in its X ray structure (Fig.3.53) in that
i) the cation is well shielded in the hydrophilic cavity
ii) a molecule of acetonitrile is found in the hydrophobic cavity of this complex in the 
solid state. If the same behaviour of the metal-ion complex remain in solution, this 
would explain the higher stability (in enthalpic terms) of the Na+1 complex in MeCN 
relative to DMF. Indeed the ability of the latter solvent to interact with sodium when
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complexed is expected to be greatly reduced (less favourable AtH° from MeCN to 
DMF) with respect to the free cation. In addition, if the ligand hosts the solvent in its 
cavity, the enthalpic stability of the complex in acetonitrile should increase. In fact, 
the more negative value for the enthalpy of complexation in acetonitrile than in N, 
N-dimethylformamide (see cycle, eq. 97) is due to the joint contribution (favourable) 
of the free and the complex cations (see eq. 10) in the former relative to the latter 
solvent.
These statements are further corroborated by the enthalpy data in MeCN PhCN (see 
cycle, eq. 98). The favourable enthalpic contribution of the ligand (negative AtH° value) 
to the stability of complex formation in acetonitrile relative to benzonitrile is cancelled by 
that of the free sodium cation (positive A{H° value). Therefore the more favourable 
enthalpy of complexation in MeCN relative to PhCN is mainly due to the greater 
enthalpic stability found for the Na+1 cation in MeCN with respect to PhCN.
It should be noted that ACH° values shown in the thermodynamic cycle for the 
complexation of Na+ and 1 in DMF and PhCN at 298.15 K are similar. However this is 
not due to the same enthalpic stability of each of the participating species (the reactants 
and the product) in these solvents. The negative transfer enthalpy value from benzonitrile 
to N, N-dimethylformamide for the free cation favours the complex formation in the 
former solvent relative to the latter. In contrast, AtH° values of the ligand and metal-ion 
complex favourably contribute to the complex formation in DMF with respect to PhCN. 
As a result the ACH° values in these solvents are very close, although the thermochemical 
origin differs significantly.
The significance of the above discussion relies entirely on the accuracy of the enthalpy 
data. These can be checked using the standard enthalpy of coordination, ACOordH0 as 
discussed below.
3.7.7. Enthalpies of co-ordination
For a given metal-ion salt — ligand system, the thermodynamic parameters referred to 
the process in the solid (sol.) state (eq. 99) should be the same, independent of the solvent 
from which this is derived111,147,169. Therefore, the calculated ACoordH° value can be used
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to check the accuracy of complexation (Table 3.26) and solution enthalpies (Table 3.27) 
in these solvents.
NaC104(sol.) + 1 (sol.) A^ °  > NalC10.(sol.) (99)
Standard solution enthalpies for the free and the complex perchlorate salts and the ligand 
in each solvent (MeCN, DMF and PhCN) are combined with the standard enthalpy of 
complexation, ACH° of Na+ and 1 in the appropriate solvent and the enthalpy of 
coordination, ACOordH° for the process described in eq 99 is calculated using eq.100.
ACOOrdH° = ASH° NaC104 (s) + ASH° 1 (s) + ACH° (s) - ASH° NalC104 (s) (100)
These are shown in Table 3.28.
Table 3.28. Enthalpies of coordination (kJ mol'1) of sodium 1 perchlorate at 298.15 K
solvent
NaC104 a
ASH° / kJ mol 
1 b
-l
NalC104
ACH° kj mol' 1 0 
Na++1 
(solution)
AcoordH0/ kJ mol' 1
NaC104+l 
(solid state)
MeCN -17.3 ~0 -47.5 -76.0 ~ -45.8
DMF -41.8 3.4 -39.4 -49.0 -48.0
PhCN -10.4 -3.4 -17.0 -47.7 -44.5
a Refs. 99, 167, 168 b Table 3.5 c Table 3.25
The agreement found between the ACoordH° values derived from three different solvents 
corroborates the accuracy of the enthalpy data reported in this thesis. Thus, an average 
value is given for the enthalpy of coordination of this system (-46.1 kJ mol'1).
The solvent effect on the complexation process was further investigated in mixed solvents 
and the coordination enthalpy was also calculated for those systems as discussed in the 
next Section.
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3.8. Thermodynamics of Na+ and 1 in mixed solvents
While macrocyclic complexes of alkali-metal cations have been extensively 
investigated in water and in a wide variety of neat nonaqueous solvents14,170, 
complexation reactions in mixed solvent systems have been investigated only to a very 
limited extent13,14,171 and mainly in water -  methanol mixtures. It is well known that the 
stability and selectivity of complexation strongly depend on the solvating ability of the 
solvent. Therefore, it is of interest to extend such studies to mixed aprotic nonaqueous 
solvents in order to investigate the effect of the solvent composition on the 
thermodynamics of complexation.
There is some information available in the literature concerning complexation 
reactions of crown ethers and alkali-metal cations in N, N-dimethylformamide -  
acetonitrile binary solvent mixtures172,173. These studies showed that as the amount of 
MeCN in the mixtures increases, an increase in the complex stability was observed due to 
the more negative enthalpy of complexation and more positive entropy of complexation. 
In a strong solvating solvent such as DMF, the solvation of the metal ion (and probably 
that of the ligand) will be stronger than in solvents of lower solvating ability such as 
MeCN. Therefore, less energy is necessary for the desolvation step of the cation (and 
probably of the ligand) in the case of MeCN than for DMF solutions. 
f The solvation of the ligand and metal cations is influenced by the donor ability and the 
dielectric constant of the solvent and by the shape and size of the solvent molecules. 
During the complexation step, the ligand should be able to replace as much as possible 
the solvent molecules in the first solvation shell of the cation. Generally, it is expected 
that in solvents with a high donor ability and a high dielectric constant, the stability 
constant of the complex should decrease due to the competition between the ligand and 
the solvent molecules for the metal ion. It has been shown172 that although DMF and 
MeCN have comparable dielectric constants, the formation constant of the complex in 
MeCN, a poor donor solvent, is much higher than that in DMF, which has a larger donor 
number. This indicates that the dielectric constant of the solvent is not a dominant factor 
in the complexation reactions involving crown ethers and alkali-metal cations. However, 
there is no data available in the literature concerning thermodynamic studies of
178
Chapter 3 -  Results and Discussion
complexation involving calix(4)arene derivatives and metal cations in mixed aprotic 
nonaqueous solvents.
In this Section, the complexation process between the /?-/er/-butylcalix(4)arene 
tetraphenyl ketone, 1 , and the sodium cation (as perchlorate salt) was investigated in 
MeCN — DMF binary solvent mixtures at 298.15 K. This process is represented by eq.
101.
Na+ (MeCN-DMF) + 1 (MeCN-DMF) Na+1 (MeCN-DMF) (101)
For the formulation of eq. 101, the composition of the complex and the speciations in 
solution were established from conductance measurements. These were carried out at the 
Thermochemistry Laboratory, University of Surrey174.
3.8.1. Conductance measurements
The stoichiometry of the Na+1 complex in different MeCN / DMF mixtures at 298.15 K 
was obtained from plots of molar conductance against the ligand / metal cation ratio for 
the titration of Na+ (perchlorate as the counter-ion) with 1. In all these media one unit of 
p-/er/-butylcalix(4)arene tetraphenyl ketone interacted with one metal cation174.
In order to ensure that in these solvent systems, sodium perchlorate and the Na+-1 
complex salts are predominantly in their ionic forms as demanded by eq.101, conductance 
measurements for sodium perchlorate and its metal-ion complex salt at different 
electrolyte concentrations were earned out in MeCN -  DMF mixtures. Plots of the molar 
conductance, Am against the square root of the concentration, c1/2, for NaC104 and 
NalC104 in MeCN-DMF mixtures at 298.15 K indicated that these salts behave as strong 
electrolytes in these solvent mixtures174. Straight lines were obtained in all these cases 
and the intercepts were used to estimate the values of the limiting molar conductance.
3.8.2. Thermodynamics of complexation
Table 3.29 lists stability constants (log Ks) and derived Gibbs energies (ACG°), 
standard enthalpies (ACH°) and entropies (ACS°) for the complexation of p-tert- 
butylcalix(4)arene tetraphenyl ketone with the sodium cation in MeCN, DMF and mixed 
solvents at 298.15 K.
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The enthalpy data have been determined by titration calorimetry and the entropy values 
were calculated using eq. 8.
Table 3.29. Thermodynamic parameters of complexation of sodium and 1 in different 
N,N-dimethylformamide -  acetonitrile mixtures at 298.15 K. Comparison 
with data in the pure solvents.
% MeCN log Ks ACG0/ kJ mol' 1 AcH °/kJm o T1 ACS° / J K'1 mol’1
100 8.89 ± 0.03a -50.7 ± 0.2a -76 ± 2a -85a
87.5 8.15 + 0.03 -46.5 ± 0.2 -66.3 ± 0.5 -66
75 7.45 ± 0.02 -42.5 ±0.1 -62.4 ±0.1 -67
50 6.52 ±0.03 -37.2 ± 0.2 -64.1 ±0.4 -90
25 5.45 ± 0.04b -31.1 ±0.2 -65.6 ±0.4 -116
0 3.43 ± 0.03a -19.6 ± 0 ! a -49 ± l a I )—1 o o tu
a From Table 3.25 b Average value from potentiometric and calorimetric titrations
Stability constants were calculated from data obtained by direct potentiometry using the 
sodium electrode. Typical potentiometric curves for the titration of sodium (perchlorate as 
the counter-ion) with 1 in 87.5% MeCN -  12.5% DMF 75% MeCN -  25% DMF, 50% 
MeCN -  50% DMF and 25% MeCN -  75% DMF are shown in Fig.3.58, where potential 
readings in mV are plotted against the volume of titrant added. All the curves show a 
potential jump at the 1:1 1/Na+ ratio, indicating that one metal cation interacts with one 
ligand unit. The largest potential jump is observed in the mixture richest in acetonitrile 
(87.5% MeCN -  12.5% DMF) and it decreases with an increase of DMF in the mixture. 
These results indicate that the stability constant of this system increases as the DMF 
content of the mixture decreases. These findings are in accord with the behaviour 
observed in the conductimetric titration curves174.
In the case of 25 % MeCN -  75 % DMF mixture, the stability constant obtained by 
potentiometry (log Kg = 5.5) was in good agreement with that derived by calorimetric 
titration (log Ks = 5.4) and therefore an average value is reported in Table 3.29.
180
Chapter 3 — Results and Discussion
0 1 2 3 4 5 6 7
00
9 10 11 12
Fig.3.58. Potentiometric titration curves on the addition of 1 into the vessel containing 
sodium cations in 87.5% MeCN -  12.5% DMF (a) 75%MeCN - 25%DMF (b), 
50%MeCN -  50%DMF (c), 25%MeCN -  75%DMF (d) mixtures at 298.15 K.
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The log Ks values reported in Table 3.29 confirms the qualitative assessment discussed 
above based on potentiometric titration curves in that the complex stability decreases with 
an increase of DMF in the mixture. This behaviour was also observed for complexation 
processes involving crown ethers in the same solvent mixtures172,173. In fact, a linear 
relationship is found between log Ks values for Na+1 and the solvent composition, as 
shown inFig.3.59.
%  MeCN
Fig. 3.59. Stability constants (log Ks) of sodium and 1 as a function of the percentage of 
MeCN in the MeCN -  DMF mixtures at 298.15 K.
As far as the enthalpies of complexation are concerned, the process is enthalpically 
controlled and entropically destabilised in pure and mixed solvents. The highest enthalpic 
stability is observed in neat acetonitrile and the lowest in neat N,N-dimethylformamide. 
Only small variations in the ACH° values are observed in the mixed solvents and within 
the experimental error, enthalpies of complexation in these solvents are approximately the 
same. The increase in stability in the mixtures (hence more favourable standard Gibbs 
energies) as the solvent composition becomes richer in acetonitrile are due to the increase
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(less negative) in the entropy values. These changes may be related to the different 
structures of the solvent released when the cation enters the cavity of the ligand or the 
conformational changes that the calix(4)arene undergoes upon complexation in these 
media. There is some evidence that N,N-dimethylformamide is a more structured solvent 
than acetonitrile175. However in order to interpret the thermodynamic parameters of 
complexation it is necessary to determine the solution thermochemical properties of the 
reactants (metal-ion salt and ligand) and the product (metal-ion complex salt) in order to 
calculate the transfer parameters among the various solvents and this is now discussed.
3.8.3. Standard enthalpies of solution
The enthalpies of solution of NaClCti in several MeCN / DMF mixtures at different 
electrolyte concentration at 298.15 K are reported in Table 3.30. No appreciable changes 
in ASH are observed with the electrolyte concentration and therefore the average value of 
the data reported in Table 3.30 is taken as the standard enthalpy of solution, ASH° of 
sodium perchlorate. It should be noted that the heats of breaking of empty ampoules 
decreases linearly with the composition of the solvent mixtures from the largest in MeCN 
(high vapour pressure, 9.7 kPa) to the smallest in DMF (low vapour pressure, ~0.5 
kPa)176.
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Table 3.30. Enthalpies of solution of NaC104 in MeCN - DMF mixtures at 298.15 K
87.5% MeCN - 12.5% DMF 75% MeCN - 25% DMF
c / mol dm'3 AsH/kJmol'1 ■3c / mol dm' AsH/kJmol'1
6.08 x 10'4 -26.42 3.97 x 104 -29.26
6.97 x 104 -27.09 6.21 x 104 -29.75
1.12 x 10'3 -27.50 9.08 x 104 -30.45
2.07 x 10'3 -26.17 1.06 x 10'3 -31.81
2.87 x 10'3 -25.66 1.82 x 1 O'3 -30.76
3.66 x 10'3 -26.14 3.17 x 10'3 -30.97
ASH° — -26.5 +0.7 kJ mol'1 > O II -30.5 ± 0.9 kJ mol'1
50% MeCN - 50% DMF 25% MeCN - 75% DMF
c / mol dm'3 AsH/kJmol'1 c / mol dm'3 ASH / kJ mol"1
9.02 x 104 -35.59 8.09 x 104 -36.62
1.16 x 10'3 -32.35 2.23 x 10'3 -36.11
1.66 x 10'3 -33.99 3.77 x 104 -35.37
2.45 x 10'3 -34.48 5.00 x 10'3 -38.50
4.31 x 10'3 -32.15 6.05 x 10'3 -37.15
5.48 x 10‘3 -33.30 7.94 x 10'3 -36.11
ASH° = -34 + 1 kJ mol'1 ASH° = -37 + 1 kJ mol'1
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Standard enthalpies of solution of NaClCU are negative in the mixtures as well as in the 
pure solvents indicating that in the dissolution of this compound, the solvation process 
predominates over the crystal lattice process. Standard enthalpies of solution are listed in 
Table 3.31 together with the values for NaC104 in the neat solvents reported in the 
literature99,1 n .
Table 3.31. Standard enthalpies of solution of sodium perchlorate and heats of breaking 
of empty ampoules in several MeCN -  DMF mixtures at 298.15K
NaC104 ampoules
% MeCN ASH° [kJ mol'1] Q Y /J
0 -41.8b 0.0105
25 -37.0 0.0410
50 -34.0 0.0714
75 -30.5 0.1065
87.5 -26.5 0.1250
100 -17.3° 0.1506
a Heat of breaking of empty ampoules in the appropriate solvent b Ref. 99 c Ref.l 11
Since the crystal lattice energy for a given compound is independent of the medium, the 
enthalpy changes reflect the changes in solvation of NaC104 in the neat and mixed 
solvents. The data listed in Table 3,31 show that the enthalpic stability of the electrolyte 
increases from acetonitrile to N,N-dimethylformamide. It is important to stress that these 
changes are not linear with the mixture composition.
As far as the ligand is concerned, an attempt was made to determine the standard 
enthalpies of solution of 1 in mixed solvents. Unlike the free and the complex sodium 
salts, which are very soluble in acetonitrile and N, N-dimethylformamide, the solubility 
of 1 in neat acetonitrile is relatively low (see Table 3.3). Before measuring the heat of
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solution of the ligand in the MeCN -  DMF mixtures it was necessary to determine the 
solubility of the p-fer/-butylcalix(4)arene tetraphenyl ketone in these media because the 
scope of the Tronac calorimeter is such that the compound must be instantaneously 
dissolved at the concentration used when the ampoule is broken.
Thus, the solubility data are presented in Table 3.32.
Table 3.32. Solubility data of /?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile 
-  N, N-dimethylformamide solvent mixtures at 298.15 K
%  DM F Solubility / mol dm"3
0a (2.20 ± 0.08) x 104
25 (9.85 ±0.40) x 104
50 (7.26 ± 0.08) x 10’3
75 (2.40 ± 0.03) x 1 O'2
>—1
 
o
 
o ta Solvate formation
a From Table 3.3
Knowing the solubility of 1 in the investigated mixtures, the enthalpies of solution were 
determined using the Tronac 450 calorimeter. In doing so, glass ampoules containing the 
compound were broken in the vessel filled with the appropriate mixture. In all the solvent 
mixtures only a veiy small heat was obtained close of that for the breaking of empty 
ampoules. Therefore it is reasonable to conclude that the enthalpy of solution of 1 in the 
mixtures is close to 0 kJ mol'1.
Table 3.33 shows the enthalpies of solution of the NalClCL complex in the mixtures at
298.15 K at different electrolyte concentrations. No appreciable variations are observed in 
the AsH  values with the electrolyte concentrations and therefore the average of these
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values are taken as the standard enthalpies of solution of the metal-ion complex salt in 
these solvents at 298.15K. The values in pure solvents were reported in Section 3.7.
Table 3.33. Enthalpies of solution of NalCK+f complex in MeCN -  DMF mixtures at 
298.15 K
75% MeCN - 25% DMF 50% MeCN - 50% DMF
c / mol dm'3 AsH/kJmol'1 c / mol dm'3 AsH/kJmol' 1
4.35 x 104 -46.55 1.94 x 104 -51.18
5.44 x 104 -47.81 4.59 x 104 -52.48
6.76 x 10"4 -48.35 5.59 x 104 -52.80
9.78 x 104 -47.92 7.20 x 104 -51.01
1.29 x 1 O'3 -48.20 1.16 x 10‘3 -51.36
> o II -47.8 ± 0.7 kJ mol' 1 m o II -51.8 ± 0.8 kJ mol'1
25% MeCN - 75% DMF
c / mol dm'3 AsH/kJmol'1
3.56 x 104 -56.94
4.77 x 10'3 -56.79
5.85 x 104 -57.27
8.44 x 10'3 -58.53
9.64 x 1 O'3 -57.70
1.18 x 10'3 -58.35
IIofa<f -57.4 ± 0.7 kJ mol"1
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In the 25% DMF -  75% MeCN mixture, the interaction with acetonitrile predominates, 
since the presence of DMF does not change the AsH° from that in neat acetonitrile. As the 
amount of N,N-dimethylformamide increases (50% DMF -  50% MeCN and 75% DMF -  
25% MeCN) the enthalpic stability also increases indicating stronger complex -  solvent 
interactions. However in the absence of acetonitrile, the enthalpic stability decreases 
again. This is illustrated in Fig.3.60.
%  M e C N
Fig.3.60. The standard enthalpy of solution of the NalClC>4 complex in MeCN, DMF and 
the mixtures at 298.15 K.
The reliability of the ASH° and ACH° values was checked by the calculation of the 
standard coordination enthalpy, AcoordH° as explained in Section 3.7 (eq.100)169. This is 
discussed in the following Section.
3.8.4. Enthalpies of co-ordination
Since the ACOordH° should be the same independently of the solvent from which these data 
are derived, these calculations provide a suitable means to check the accuracy of the 
experimental data169. Data listed in Table 3.34 show the ACOordH° for the NalClCU system 
derived from neat and mixed solvents. The value calculated in the 87.5% MeCN -  12.5% 
DMF mixture was based on the assumption that the enthalpy of solution of the NalC104
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complex in this mixture is close to those in pure acetonitrile and 75% MeCN -  25% DMF 
mixture (see Fig. 3.60),
The AcoordH° obtained from benzonitrile for the same system in Section 3.7 is also 
included in Table 3.34. These quantities were calculated from eq.100.
Table 3.34. Enthalpies of coordination for NalClCL calculated from complexation and 
solution enthalpies of reactants and product in neat and mixed solvents at 298.15 K.
solvent ACH° / kJ mol"1 
Na+ +1 (solution) NaC104
ASH° /kJm of 
1
i
NalC104
AcoordH / kJ mol
NaC104(sol.) +1 (sol.) 
NalC104 (sol.)
DMF -49.03 -41.8 3.4 -39.4 b -48.0
25% MeCN -65.6 -37.0 -0 -57.4 -45.2
50% MeCN -64.1 -34.0 ~0 -51.8 -46.3
75% MeCN -62.4 -30.5 ~o -47.8 -45.1
87.5% MeCN -66.3 -26.5 ~o -4 7 ,6 -45.2
MeCN -76.0a -17.3 ~0 -47.5 b -45.8
PhCN
a r  nr' -l i . n
-47.7a
........b t- ::: «,• .
-10.4 -3.4 -17.0b -44.5
Good agreement is found between the AC00rdH0 values derived from different solvents. An 
average is taken as the standard enthalpy of coordination for this system in the solid state 
(-46.0 ±1.0 kJm ol'1).
3.8.5. Standard enthalpies of transfer from acetonitrile
Having checked the reliability of the data, the transfer enthalpy values were calculated, 
taking acetonitrile as the reference solvent. In order to assess the medium effect on the 
complexation process (eq. 10), the AtH° values for the free and the complex salts and the 
ligand from acetonitrile to the various solvents and the ACH° values (Table 3.29) are
TSinserted in the thermodynamic cycle
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MeCN -> DMF
(MeCN) Na + CIO4' + 1
-24.5 
kJ mol
-76.1 k j mol
,-1
-1 3.4 
kJ mol
-l
-1
Na 1 + C104' 
8.1
kJ mol
-1
(DMF) Na+ + CIO4'  + 1 +93 kJmol^ Na+j + C]Q^
MeCN -> 75% DMF -  25% MeCN
(MeCN) Na+ + CIO4 +  '76.1 kJ mol4 Na+j + c1q4-
-19.7 
kJ mol
~0 
kJ mol
-1 -9.9 
kJ mol
(75%DMF - 25%MeCN) Na+ + C104‘ +1 kUno.l^ Na+X + c lo  -
MeCN -» 50% DMF -  50% MeCN
,-1
(MeCN) Na+ + C104‘ +1 ^ l .kJmol^ Na+1 + C104
-16.7 
kJ mol
-1
~0
kJ mol
i-l
-4.3 
kJ mol
-1
(50%DMF - 50%MeCN) Na+ + CIO4 + 1 -^-lkJJBPV Na+1 + C104
MeCN --> 25% DMF -  75% MeCN
(MeCN) Na+ + C104' + 
-13.2
k j mol
-76.1 kJ mol,-1► Na 1 + C104"
-0 
kJ mol
-1
(25%DMF - 75%MeCN) Na+ + C104' + 1 -62.4 kJ mol
i-l
-0.3 
kJ mol
Na+1 + C104'
(102)
(103)
(104)
(105)
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There are no data reported in the literature on the AtH° value for the perchlorate anion 
based on the PfoAsPfoB convention from acetonitrile to the solvent mixtures at 298.15 K. 
Transfer enthalpy value for the CIO4 anion from acetonitrile to N,N-dimethylformamide, 
based on this convention, is about 5 kJ mol' 1.176 Therefore the single-ion value from neat 
acetonitrile to the mixed solvents should be between 0 and 5 kJ mol'1. However it should 
he noted that although the contribution of the counter-ion is included in the AtH° values of 
the free and complex electrolytes, as far as A(ACH°) is concerned, the anion contribution 
is cancelled out.
According to eq. 10 (in terms of enthalpy), the differences in enthalpic stability for 
complex formation between two solvents (si and s2) depend on the transfer enthalpies of 
the reactants (metal cation and ligand) and the product (complex). Thus, a process will be 
enthalpically more stable in si than in s2 if
i) The overall AtH° (sj —» s2) value for the reactants is negative and the AtH° (si -» s2) 
value for the product is positive
ii) Both AtH° (S] -+ s2) values for the reactants and the product are negative but the 
overall transfer enthalpy for the reactants is more negative than that for the product
iii) Both AtH0 (si —» s2) values for the reactants and the product are positive but the 
overall transfer enthalpy for the reactants is less positive than that for the product
As far as the neat solvents are concerned, the data in the cycle (eq. 102) show that the 
more negative enthalpy of complexation in acetonitrile relative to N, N- 
dimethylformamide falls within (i). However, when the solvent mixtures are involved, the 
enthalpic behaviour of the species contributing to the stability (in enthalpic terms) of 
complex formation can be represented by (ii). Particularly striking is the reverse trend 
observed in the AtH° values of the metal-ion complex salt from MeCN to 75% DMF -  
25% MeCN mixture (eq. 103) relative to the corresponding data of transfer to DMF. The 
decrease in stability (in enthalpic terms) of the free metal cation and the increase in the 
stability of the metal-ion complex salt in this mixture with respect to DMF result in an 
increase in the exothermic character of the complexation process in the former relative to 
the latter medium.
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The enthalpic stability for NalC104 is higher in MeCN than in DMF and this can be 
attributed to the fact that one molecule of acetonitrile interacts with the hydrophobic 
cavity of the complex ligand as discussed in Section 3.7. On moving from neat 
acetonitrile to the mixture rich in this solvent (75% MeCN -  25% DMF) no significant 
change in the AtH° value for NalC104 was found but as the mixture becomes richer in 
DMF (50% MeCN -  50% DMF, 25% MeCN -  75% DMF), the AtH° values for NalC104 
becomes more negative.
However in pure DMF, the AtH° of the process is reversed since the positive value of 
AtH° of NalC104 between the neat solvents clearly shows that this compound is 
enthalpicaly more stable in MeCN than in DMF. The AtH° values to the mixtures (50%- 
50% and 25% MeCN-75% DMF) are exothermic and therefore these differ significantly 
from that to DMF (endothermic). These differences are appreciable and may lead to the 
suggestion that the presence of N, N-dimethylformamide in the mixture induces a 
stronger interaction of the metal-ion complex salt with acetonitrile relative to neat MeCN. 
In order to investigate the reverse trend observed in the transfer enthalpy of NalC104 
from acetonitrile to the mixtures (exothermic) relative to that to DMF (endothermic) and 
particularly the increase in the exothermic character of the transfer process involving the 
metal-ion complex as the amount of DMF in the mixtures increases (cycles, eqs. 102-105) 
the following !H NMR experiments were performed
i) !H NMR titrations of acetonitrile (a mixture of MeCN and CD3CN) with N,N- 
dimethylformamide and vice versa were carried out by Mr Villanueva Salas at the 
Thermochemistry Laboratory, University of Surrey174 to gain information regarding 
the interaction between these two solvents
ii) !H NMR studies on the metal-ion complex salt in CD3CN, in d7 - DMF and in the 
mixed solvents were carried out to assess the effect of the mixtures relative to the neat 
solvents on the /-butyl and aromatic protons of the upper rim of the complex. These 
protons are likely to be the most affected if indeed the interaction between the methyl 
group of acetonitrile and the hydrophobic cavity of the complex ligand is stronger in 
the presence of N, N-dimethylformamide.
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The results of the !H NMR titrations of one solvent with the other show that the greatest 
changes on the chemical shifts were exhibited by the protons of the methyl group of 
MeCN174. These changes in the chemical shifts may be due to the interaction of the 
dipole-dipole type between the two solvents, involving the nitrogen of acetonitrile and the 
carbonyl group of N, N-dimethylformamide. As a result of the above interaction, the 
shielding of the methyl group of MeCN would decrease slightly since there will be a 
decrease in its electronic density. Thus, this decrease in the electronic density of the 
methyl group of MeCN in the presence of DMF is likely to have implications on the 
strength of interaction of MeCN (through its methyl group) with the hydrophobic cavity 
of the complex ligand174.
Results of !H NMR measurements carried out with the NalClCL complex in different 
MeCN -  DMF mixtures and in the neat solvents are presented in Fig. 3.61. It is 
immediately striking that except for the aromatic and /-butyl protons at the upper rim, the 
chemical shift changes for other protons of the complex in the mixture fall within the 
values observed in MeCN and DMF.
Fig.3.61. Proton chemical shift changes (ppm) for the ligand’s protons vs. percentage of 
DMF in the mixture at 298 K.
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A different behaviour was observed for the aromatic and /-butyl protons of the 
hydrophobic cavity of calix(4)arene. In pure DMF all protons (except those of the /-butyl 
group) are more deshielded than in MeCN. However in the mixtures, the aromatic protons 
at the upper rim became more deshielded upon the addition of DMF into the solution of 
N alC 1 0 4  in MeCN to an extent that when the content of DMF in the mixture reaches 
about 45%, these protons are more deshielded than in pure N, N-dimethylformamide. In 
the case of the /-butyl protons, in the mixtures these are more deshielded than in the neat 
solvents. These statements are illustrated by the data presented in Fig.3.61, where the A8  
(ppm) values for all the protons of the complex are plotted against the composition of the 
solvent mixtures.
The 'H NMR data for the complex were compared with those for the free ligand in neat 
d7 -DMF, CD3 CN and 60% d7-DMF -  40% CD3CN mixtures as shown in Fig.3.62.
S tC D ,C N
% C D ,C N
Fig. 3.62. Chemical shifts for the /-butyl (a) and aromatic protons (b) at the upper rim of 
the ligand 1 and the NalC104 complex in different CD3CN -  d7-DMF mixtures at 298 K.
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It is apparent from Fig. 3.62 that for the uncomplexed ligand, the shifts of the upper rim 
aromatic and /-butyl protons fall between the values in the pure solvents and the same 
applies to the ASH° for 1 in these solvents, (see Table 3.34)
From the !H NMR measurements discussed above it can be concluded that the /-butyl and 
the aromatic protons at the upper rim of the metal-ion calixarene complex are more 
affected in the mixtures than other protons. On the other hand, X ray diffraction studies of 
the N alC 104 complex showed that one molecule of acetonitrile interacts through its 
methyl group with the hydrophobic cavity of the ligand (Fig. 3.52) and this is likely to 
occur in solution. The interaction between MeCN and DMF in their mixtures decreases 
the electronic density of the methyl group of acetonitrile and therefore its interaction with 
the hydrophobic cavity of the complex is stronger in the mixture than in the neat solvent. 
This statement is in agreement with the more negative AtH° values of the NalClC>4 
complex from acetonitrile to the mixtures relative to the neat solvents indicating higher 
enthalpic stability of the complex in the mixed than in the neat solvents. As expected 
from these types of interactions, the !H NMR changes are relatively small. Also the 
enthalpy variations observed in the AtH° values of the NalC104 from acetonitrile to the 
mixtures are well within the range expected for a van der Walls type of interactions.
3.9. Conclusions
From the above discussion on the /?-/er/-butylcalix(4)arene tetraketone derivatives, the 
following conclusions are drawn.
i) The standard Gibbs energies of jo-/er/-butylcalix(4)arene tetraphenyl and p-tert- 
butylcalix(4)arene tetramethyl ketones from acetonitrile to various solvents reflect 
the difference in solvation of these ligands in two solvents. Different solvation 
patterns are observed for both ligands.
ii) Both /?-/er/-butylcalix(4) arene tetraketones are able to form complexes with a wider 
range of metal cations in acetonitrile at 298.15 K than previously reported. In all 
these interactions one metal cation is taken up per unit of the calixarene derivative.
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iii) The thermodynamics of complexation of 2 with several metal cations in acetonitrile 
at 298.15 K reflect that among these metal-ions, the most stable complex is formed 
between this ligand and calcium. Moreover, the stability constants for lithium and 
sodium were found to be higher than previously reported. For the bivalent cations a 
‘selectivity’ peak was observed in terms of Gibbs energies when complexation data 
were plotted vs. cation solvation (hydration).
iv) The enthalpies of complexation of />-ter/-butylcalix(4)arene tetramethyl ketone 
with several metal cations in MeCN at 298.15 K show that the complexation 
processes are enthalpically controlled except in the case of magnesium for which it 
is entropically controlled.
v) The X-ray crystal structures of 1 and 2 complexes show that in the solid state these 
ligands interact with the metal cation through the hydrophilic cavity while the 
molecule of acetonitrile was found in the hydrophobic cavity. In the cadmium 
complex of 2, the solvent molecule was found with the CN end pointing inward and 
the Cd2+ cation was coordinated by the nitrogen atom of acetonitrile. As far as the 
lead complex of 2 and the sodium complex of 1 are concerned, the orientation of
94-MeCN was opposite to that observed in Cd 2.
vi) The results shown in Section 3.7 demonstrate that the medium alter the stability of 
the complexes in a selective manner, which is dependent on the solvation changes 
that the reactants and the product undergo upon complexation. As far as the 
complexation of 1 with sodium cation is concerned, acetonitrile is a better medium 
than benzonitrile and N, N-dimethylformamide.
vii) The complexation study earned out in MeCN -  DMF mixtures demonstrates the 
distinctive properties of calix(4)arene derivatives (two different cavities) with 
respect to crown ethers (single hole). For both groups, the stability constants of the 
complexes increase as the amount of acetonitrile increases in the binary solvent 
mixture. However, in the case of crown ethers, the enthalpies and entropies of 
complexation vary monotonically with the solvent composition while for the 
systems involving 1 and the sodium cation, the ACH° values remain constant in all 
the investigated mixtures. The ability of the calix(4)arene derivative to interact with
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the solvent molecule through the hydrophobic cavity makes the complexation 
behaviour for these systems less predictable than those involving the crown ethers.
viii) The above work also confirms the usefulness of the enthalpy of co-ordination data 
to check the reliability of the experimental data.
3.10. Suggestions for further work
1. The thermodynamics of complexation of /?-ter/-butylcalix(4)arene tetramethyl ketone 
with several metal cations in MeCN at 298.15 K have been investigated but as far as 
j9-/er/-butylcalix(4)arene tetraphenyl ketone is concerned the data are limited only to 
sodium and silver (log Ks) cations. Stability constants reported in this thesis for 1 and 
2 indicate that in acetonitrile the former ligand binds Na+ and Ag+ stronger relative to 
the latter. However, in order to compare the complexation abilities of these two 
ketone derivatives, these investigations should be extended to other metal cations and 
1, for which the interactions were found from ]H NMR, UV and conductance 
measurements.
2. The study carried out in mixed solvents should be performed for other systems
involving calix(4)arene derivatives and metal cations in order to check the 
complexation behaviour for these systems. Since the investigation involving p-tert- 
butylcalix(4)arene tetraphenyl ketone and sodium cation is the first one reported in the 
MeCN -  DMF solvent mixtures it is not possible to predict if  this behaviour is 
characteristic of all calix(4)arene derivatives or it is exclusive for this particular 
macrocycle.
3. To test the possible applications of these ligands, extraction experiments should be 
performed. Some of these (involving the alkali-metal cations) have already been 
carried out. However, special attention should be paid to the fact that p-tert- 
butylcalix(4)arene tetraphenyl ketone (in contrast with the tetramethyl derivative) is 
able to interact with lead and cadmium cations in benzonitrile. Conductance 
measurements have been canied out in PhCN at 298.15 K (Fig.3.63) and strong (1:1) 
complexation was observed.
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[Cd21 / [1 ] p b * ] / [ l ]
Fig. 3.63. Conductometric curves for the titration of cadmium and lead (perchlorate as 
counter-ion) with/?-terZ-butylcalix(4)arene tetraphenyl ketone in benzonitrile at 298.15 K
However the fact that the interactions between this ligand and these cations are observed 
in the pure solvent does not mean that the same behaviour will be observed in the water 
saturated solvent. The kinetics of the extraction process is another important factor to be 
considered in such a study. Therefore, the extraction ability of 1 towards Cd2+ and Pb2+ 
cannot be predicted from the data illustrated in Fig. 3.63 and appropriate extraction 
measurements should be earned out.
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APPENDIX A  : X -  RAY CRYSTALLOGRAPHY DATA
Provided by Prof. Eduardo E. Castellano and by Dr Oscar E. Piro
Table A l. Interatomic bond distances (A) and angles (°) around Cd2+ for the cadmium 
and acetonitrile complex o f 5,1 l,17,23-tetra-tert-butyl-25,26,27,28- 
tetra(acetoyl)methoxy calix(4)arene
Bond distances
Cd-0(12) 2.370(1)
Cd-0(42) 2.371(1)
Cd-O(ll) 2.374(1)
Cd-0(41) 2.376(1)
Cd-0(32) 2.377(1)
Cd-0(31) 2.382(1)
Cd-0(21) 2.417(1)
Cd-N(l) 2.428(2)
Bond angles
0(12 -Cd-0(42) 71.01(5)
0(12 -Cd-O(ll) 67.77(4)
0(42 -Cd-O(ll) 96.08(4)
0(12 -Cd-0(41) 126.35(4)
0(42 -Cd-0(41) 66.58(4)
0(11 -Cd-0(41) 85.44(4)
0(12 -Cd-0(32) 76.69(4)
0(42 -Cd-0(32) 71.90(5)
0(11 -Cd-0(32) 144.46(4)
0(41 -Cd-0(32) 117.36(4)
0(12 -Cd-0(31) 139.97(4)
0(42 -Cd-0(31) 108.64(4)
0(11 -Cd-0(31) 147.39(4)
0(41 -Cd-0(31) 85.30(4)
0(32 -Cd-0(31) 66.04(4)
0(12 -Cd-0(21) 76.14(4)
0(42 -Cd-0(21) 143.56(4)
0(11 -Cd-0(21) 85.59(4)
0(41 -Cd-0(21) 149.42(4)
0(32 -Cd-0(21) 85.72(4)
0(31 -Cd-0(21) 86.70(4)
0(12 -Cd-N(l) 133.41(5)
0(42 -Cd-N(l) 139.97(5)
0(11 -Cd-N(l) 73.89(5)
0(41 -Cd-N(l) 73.95(4)
0(32 -Cd-N(l) 136.12(5)
0(31 -Cd-N(l) 73.51(4)
0(21 -Cd-N(l) 75.48(4)
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Table A2. Interatomic bond distances (A) and angles (°) around Na+ for the sodium and 
acetonitrile complex o f 5,11,17,23-tetra-tert-butyl~25,26,27,28-
tetra(benzoyl)methoxy calix(4)arene
Bond distances
Na-0(41) 2.403(4)
N a -O ( ll) 2.410(5)
Na-0(32) 2.452(4)
Na-0(31) 2.476(3)
Na-0(22) 2.490(5)
Na-0(21) 2.502(3)
Na-0(12) 2.555(4)
Na-0(42) 2.582(4)
Bond angles
0(41)-Na-0(11) 79.81(13)
0(41)-Na-0(32) 77.85(14)
0(ll)-N a-0(32 ) 150.86(13)
0(41)-Na-0(31) 85.38(12)
0(11)-Na-0(31) 130.95(17)
0(32)-Na-0(31) 65.38(13)
0(41)-Na-0(22) 149.55(15)
0(ll)-N a-0(22) 130.33(13)
0(32)-Na-0(22) 72.30(14)
0(31)-Na-0(22) 76.98(14)
0(41)-Na-0(21) 133.64(16)
0(11)-Na-0(21) 82.80(12)
0(32)-Na-0(21) 126.30(14)
0(31)-Na-0(21) 74.46(10)
0(22)-Na-0(21) 64.87(15)
0(41)-Na-0(12) 127.66(13)
0(11)-Na-0(12) 63.81(15)
0(32)-Na-0(12) 117.89(18)
0(31)-Na-0(12) 146.92(13)
0(22)-Na-0(12) 73.59(14)
0(21)-Na-0(12) 79.58(12)
0(41)-Na-0(42) 63.59(14)
0(ll)-N a-0 (42 ) 80.79(14)
0(32)-Na-0(42) 72.63(13)
0(31)-Na-0(42) 132.07(12)
0(22)-Na-0(42) 111.55(18)
0(21)-Na-0(42) 153.06(12)
0(12)-Na-0(42) 74.03(12)
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APPENDIX B : ‘H NM R SPECTRA OF THE FREE AND THE COM PLEX 1 AND 2
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!H  N M R  spectra o f the metal-ion complexes o f 1 in CD 3C N  at 298 K
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!H NMR spectra of the metal-ion complexes of 2 in CD3CN at 298 K
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APPENDIX C : CONDUCTIMETRIC TITRATIONS DATA
Appendix C
Table C l. Conductimetric data for the titration o f Mg2+ (perchlorate as counter-ion) with 
jp-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
Vadded V  T0tai [M g2+] [2] [2] I [Mg2+] Am
0.472 25.233 1.52E-04 2.12E-05 0.140 211.46
0.488 25.612 1.50E-04 4.26E-05 0.284 211.29
0.398 25.920 1.48E-04 5.95E-05 0.402 211.26
0.458 26.276 1.46E-04 7.85E-05 0.538 211.12
0.513 26.674 1.44E-04 9.92E-05 0.690 211.13
0.584 27.127 1.41E-04 1.22E-04 0.863 211.03
0.590 27.585 1.39E-04 1.44E-04 1.038 210.92
0.619 28.066 1.37E-04 1.67E-04 1.222 210.83
0.561 28.501 1.34E-04 1.87E-04 1.388 210.67
0.668 29.019 1.32E-04 2.09E-04 1.586 210.55
0.671 29.540 1.30E-04 2.32E-04 1.785 210.47
0.575 29.987 1.28E-04 2.50E-04 1.956 210.28
0.668 30.505 1.26E-04 2.71E-04 2.154 210.22
0.821 31.142 1.23E-04 2.95E-04 2.397 210.00
0.471 31.508 1.22E-04 3.09E-04 2.537 209.86
0.488 31.887 1.20E-04 3.22E-04 2.682 209.74
0.661 32.400 1.18E-04 3.40E-04 2.878 209.59
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Table C2. Conductimetric data for the titration o f Ca2+ (perchlorate as counter-ion) with 
/?-ter/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
V addcd V Toul [Ca24] [2] [2] / [Ca2+] Am
0.686 25.388 1.47E-04 2.53E-05 0.172 343.47
0.496 25.773 1.45E-04 4.30E-05 0.297 337.59
0.416 26.095 1.43E-04 5.74E-05 0.402 332.86
0.650 26.600 1.40E-04 7.92E-05 0.565 324.91
0.361 26.881 1.39E-04 9.10E-05 0.656 320.67
0.389 27.183 1.37E-04 1.03E-04 0.754 316.00
0.371 27.471 1.36E-04 1.15E-04 0.847 311.54
0.371 27.758 1.34E-04 1.26E-04 0.940 307.21
0.432 28.093 1.33E-04 1.39E-04 1.049 306.70
0.362 28.374 1.31E-04 1.50E-04 1.140 306.92
0.448 28.722 1.30E-04 1.63E-04 1.253 307.17
0.523 29.128 1.28E-04 1.77E-04 1.384 307.48
0.494 29.511 1.26E-04 1.91E-04 1.508 307.81
0.480 29.883 1.25E-04 2.03E-04 1.629 308.01
0.587 30.339 1.23E-04 2.18E-04 1.776 308.28
0.524 30.746 1.21E-04 2.31E-04 1.908 308.51
0.552 31.175 1.20E-04 2.45E-04 2.047 308.75
0.607 31.646 1.18E-04 2.59E-04 2.200 308.98
0.569 32.087 1.16E-04 2.72E-04 2.343 309.20
0.398 32.396 1.15E-04 2.81E-04 2.442 309.36
0.774 32.997 1.13E-04 2.98E-04 2.637 309.62
0.557 33.429 1.12E-04 3.10E-04 2.777 309.79
0.525 33.836 1.10E-04 3.21E-04 2.909 309.92
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Table C3. Conductimetric data for the titration of Sr2+ (perchlorate as counter-ion) with p-
ter/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
Vadded VTotal [Sr2+] [2] [2] / [Sr2+] Am
0.372 25.011 1.57E-04 1.39E-05 0.089 365.78
0.350 25.283 1.55E-04 2.68E-05 0.172 362.29
0.377 25.576 1.54E-04 4.03E-05 0.262 358.37
0.311 25.817 1.52E-04 5.12E-05 0.336 355.22
0.519 26.220 1.50E-04 6.90E-05 0.460 349.78
0.345 26.487 1.48E-04 8.04E-05 0.542 346.26
0.609 26.960 1.46E-04 1.00E-04 0.687 339.83
0.411 27.279 1.44E-04 1.13E-04 0.785 335.71
0.506 27.672 1.42E-04 1.29E-04 0.906 330.46
0.406 27.986 1.40E-04 1.41E-04 1.003 327.65
0.361 28.267 1.39E-04 1.51E-04 1.089 327.81
0.481 28.640 1.37E-04 1.65E-04 1.204 328.00
0.491 29.021 1.35E-04 1.79E-04 1.321 328.12
0.546 29.445 1.34E-04 1.94E-04 1.451 328.45
0.499 29.833 1.32E-04 2.07E-04 1.570 328.84
0.684 30.364 1.29E-04 2.24E-04 1.733 329.22
0.666 30.880 1.27E-04 2.41E-04 1.892 329.51
0.673 31.403 1.25E-04 2.57E-04 2.052 329.66
0.712 31.955 1.23E-04 2.73E-04 2.222 330.03
0.713 32.509 1.21E-04 2.89E-04 2.392 330.07
0.720 33.068 1.19E-04 3.05E-04 2.564 330.10
0.663 33.582 1.17E-04 3.19E-04 2.722 330.19
0.701 34.126 1.15E-04 3.33E-04 2.889 330.30
0.673 34.648 1.13E-04 •3.46E-04 3.049 330.14
0.584 35.101 1.12E-04 3.57E-04 3.189 330.38
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Table C4. Conductimetric data for the titration of Ba2+ (perchlorate as counter-ion) with
/?-ter/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
v .aaed Vroa [Ba2t] [2] [2] / [Ba2+] Am
0.424 25.178 1.68E-04 2.16E-05 0.129 372.00
0.482 25.552 1.65E-04 4.55E-05 0.275 363.73
0.387 25.853 1.63E-04 6.42E-05 0.393 357.26
0.553 26.281 1.61E-04 9.01E-05 0.561 348.00
0.405 26.596 1.59E-04 1.09E-04 0.684 341.48
0.449 26.944 1.57E-04 1.29E-04 0.820 334.94
0.474 27.312 1.55E-04 1.49E-04 0.964 330.28
0.414 27.633 1.53E-04 1.67E-04 1.090 328.71
0.433 27.969 1.51E-04 1.84E-04 1.221 328.04
0.449 28.318 1.49E-04 2.03E-04 1.357 328.14
0.506 28.710 1.47E-04 2.22E-04 1.511 328.15
0.512 29.108 1.45E-04 2.42E-04 1.667 328.40
0.548 29.533 1.43E-04 2.62E-04 1.833 328.71
0.393 29.838 1.42E-04 2.76E-04 1.953 328.90
0.511 30.235 1.40E-04 2.94E-04 2.108 329.23
0.541 30.655 1.38E-04 3.13E-04 2.272 1 329.55
0.421 30.981 1.36E-04 3.27E-04 2.400 329.81
0.475 31.350 1.35E-04 3.43E-04 2.544 330.04
0.416 31.673 1.33E-04 3.56E-04 2.671 330.27
0.445 32.018 1.32E-04 3.70E-04 2.806 330.52
0.452 32.369 1.31E-04 3.84E-04 2.943 330.73
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Table C5. Conductimetric data for the titration of Pb2+ (perchlorate as counter-ion) with
/?-ter/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
Vadded VTotal [Pb2+] [2] [2] / [Pb2+] Am
1.376 25.896 1.89E-04 6.22E-05 0.329 352.57
0.389 26.198 1.87E-04 7.88E-05 0.422 347.55
0.423 26.526 1.84E-04 9.65E-05 0.523 342.12
0.329 26.782 1.83E-04 1.10E-04 0.602 338.08
0.432 27.117 1.80E-04 1.27E-04 0.705 333.13
0.450 27.466 1.78E-04 1.45E-04 0.813 328.72
0.432 27.801 1.76E-04 1.61E-04 0.916 325.78
0.389 28.103 1.74E-04 1.76E-04 1.009 325.90
0.435 28.441 1.72E-04 1.91E-04 1.113 326.17
0.501 28.830 1.70E-04 2.09E-04 1.233 326.51
0.452 29.180 1.68E-04 2.25E-04 1.341 326.67
0.455 29.534 1.66E-04 2.40E-04 1.450 326.90
0.518 29.936 1.63E-04 2.57E-04 1.574 327.10
0.303 30.171 1.62E-04 2.67E-04 1.647 327.34
0.609 30.644 1.60E-04 2.86E-04 1.793 327.42
0.507 31.037 1.58E-04 3.02E-04 1.914 327.56
0.434 31.374 1.56E-04 3.15E-04 2.018 327.63
0.429 31.707 1.54E-04 3.27E-04 2.120 327.75
0.597 32.170 1.52E-04 3.44E-04 2.263 327.64
0.561 32.606 1.50E-04 3.60E-04 2.397 327.93
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Table C6. Conductimetric data for the titration o f Hg2+ (perchlorate as counter-ion) with 
jp-/er/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
V,d« VTolal [Hg2*] [2] [2] / [Hg2+] Anl
0.919 25.110 2.22E-04 5.24E-05 0.236 349.26
0.442 25.453 2.19E-04 7.65E-05 0.349 340.08
0.392 25.758 2.16E-04 9.73E-05 0.450 331.88
0.391 26.061 2.14E-04 1.18E-04 0.551 323.81
0.311 26.303 2.12E-04 1.34E-04 0.631 317.50
0.341 26.567 2.10E-04 1.51E-04 0.718 305.81
0.623 27.051 2.06E-04 1.81E-04 0.878 295.81
0.476 27.420 2.03E-04 2.03E-04 1.000 292.41
0.542 27.840 2.00E-04 2.28E-04 1.139 291.77
0.358 28.118 1.98E-04 2.44E-04 1.231 291.70
0.351 28.390 1.96E-04 2.59E-04 1.321 291.77
0.409 28.708 1.94E-04 2.77E-04 1.426 291.88
0.523 29.114 1.91E-04 2.99E-04 1.561 291.94
0.459 29.471 1.89E-04 3.17E-04 1.679 292.18
0.529 29.881 1.86E-04 3.38E-04 1.815 292.46
0.543 30.302 1.84E-04 3.59E-04 1.954 292.59
0.491 30.683 1.82E-04 3.78E-04 2.080 292.02
0.467 31.045 1.79E-04 3.95E-04 2.200 291.81
0.557 31.478 1.77E-04 4.15E-04 2.343 291.30
0.555 31.909 1.75E-04 4.34E-04 2.485 290.80
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Table C l.  Conductimetiic data for the titration of Cd2+ (perchlorate as counter-ion) with
/?-ter/-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
V,dded VToW [Cd2+] [2] [2] / [Cd21  Am
0.329 25.072 1.80E-04 1.37E-05 0.076 373.30
0.485 25.449 1.77E-04 3.34E-05 0.188 366.35
0.366 25.733 1.76E-04 4.79E-05 0.273 361.88
0.346 26.001 1.74E-04 6.13E-05 0.353 357.27
0.358 26.279 1.72E-04 7.48E-05 0.435 352.44
0.504 26.670 1.69E-04 9.35E-05 0.552 345.85
0.468 27.033 1.67E-04 1.10E-04 0.660 339.84
0.550 27.460 1.64E-04 1.29E-04 0.787 332.86
0.610 27.933 1.62E-04 1.50E-04 0.928 326.42
0.468 28.297 1.60E-04 1.65E-04 1.036 324.20
0.485 28.673 1.58E-04 1.81E-04 1.149 323.40
0.537 29.090 1.55E-04 1.98E-04 1.273 322.50
0.433 29.426 1.53E-04 2.11E-04 1.373 322.90
0.545 29.849 1.51E-04 2.27E-04 1.499 322.43
0.499 30.235 1.49E-04 2.41E-04 1.614 322.66
0.495 30.619 1.48E-04 2.55E-04 1.728 322.83
0.396 30.927 1.46E-04 2.66E-04 1.820 323.01
0.430 31.260 1.44E-04 2.77E-04 1.919 323.20
0.446 31.606 1.43E-04 2.89E-04 2.022 323.45
0.458 31.962 1.41E-04 3.01E-04 2.128 323.71
0.511 32.358 1.40E-04 3.14E-04 2.246 322.99
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Table C8. Conductimetric data for the titration of Zn2+ (perchlorate as counter-ion) with
jp-fen'-butylcalix(4)arene tetramethyl ketone in acetonitrile at 298.15 K.
V added VTotal [Zn2+] [2] [2] / [Zn2t] Am
0.371 25.159 3.86E-04 3.38E-05 0.088 265.21
0.341 25.423 3.82E-04 6.43E-05 0.169 265.30
0.333 25.682 3.78E-04 9.34E-05 0.247 265.50
0.383 25.979 3.73E-04 1.26E-04 0.338 265.69
0.517 26.380 3.68E-04 1.69E-04 0.461 265.98
0.476 26.750 3.63E-04 2.08E-04 0.573 266.27
0.525 27.158 3.57E-04 2.49E-04 0.698 266.57
0.567 27.597 3.51E-04 2.92E-04 0.832 266.80
0.487 27.976 3.47E-04 3.28E-04 0.947 267.05
0.426 28.306 3.43E-04 3.59E-04 1.048 267.25
0.618 28.786 3.37E-04 4.03E-04 1.195 267.60
0.502 29.176 3.32E-04 4.37E-04 1.314 267.78
0.517 29.577 3.28E-04 4.71E-04 1.436 267.99
0.564 30.014 3.23E-04 5.07E-04 1.569 268.10
0.515 30.414 3.19E-04 5.39E-04 1.691 268.26
0.521 30.818 3.15E-04 5.71E-04 1.815 268.61
0.636 31.311 3.10E-04 6.09E-04 1.965 268.75
0.593 31.771 3.05E-04 6.43E-04 2.106 269.03
0.614 32.248 3.01E-04 6.77E-04 2.251 269.20
0.563 32.685 2.97E-04 7.08E-04 2.384 269.55
0.641 33.182 2.92E-04 7.41E-04 2.536 269.71
0.605 33.651 2.88E-04 7.72E-04 2.679 269.92
0.617 34.130 2.84E-04 8.03E-04 2.825 270.29
0.749 34.711 2.79E-04 8.39E-04 3.003 270.60
227
Appendix C
Table C9. Conductimetric data for the titration o f L i+ (perchlorate as counter-ion) with p- 
/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
C l/ CLI+ A m [S cm2 mol"1] Ci/ CLi+ A m [S cm2 mol"1]
0.027 169.46 0.952 138.77
0.096 166.92 1.017 138.81
0.150 164.87 1.080 138.75
0.207 162.82 1.140 138.53
0.280 159.89 1.194 138.54
0.329 157.98 1.266 138.13
0.394 155.86 1.319 137.99
0.455 153.42 1.374 137.87
0.518 150.96 1.434 137.41
0.591 148.32 1.506 137.25
0.658 146.06 1.576 136.47
0.721 143.55 1.642 136.50
0.778 141.92 1.711 136.06
0.839 140.35 1.779 136.03
0.895 139.35 1.833 136.06
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Table CIO. Conductimetric data for the titration o f Na+ (perchlorate as counter-ion) with 
jp-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
Cl / CNa+ A in [S cm2 mol'1] Cl / Cn3+ A m [S em2 mol'1]
0.031 159.87 0.929 118.44
0.083 157.74 0.985 115.79
0.128 155.65 1.059 114.86
0.184 153.45 1.125 114.21
0.233 150.95 1.190 113.47
0.287 148.50 1.265 113.39
0.346 145.67 1.339 112.74
0.393 143.25 1.403 112.35
0.427 141.67 1.453 112.22
0.464 140.11 1.528 111.46
0.555 136.04 1.595 111.02
0.624 132.51 1.682 110.36
0.687 129.61 1.756 109.97
0.750 126.57 1.823 109.43
0.826 123.23 1.887 108.79
0.884 120.30 1.951 108.68
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Table C l l .  Conductimetric data for the titration o f K + (perchlorate as counter-ion) withp- 
ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
Cl / CK+ A m [S cm2 mol'1] Ci / cK+ A m [S cm2 mol*1]
0.057 164.87 1.501 122.41
0.121 161.94 1.544 121.06
0.203 158.20 1.615 120.27
0.269 155.25 1.755 118.93
0.338 152.24 1.818 118.27
0.413 149.59 1.886 117.66
0.496 146.29 1.941 116.76
0.554 144.16 1.987 116.14
0.608 142.14 2.073 115.25
0.691 139.40 2.160 114.80
0.787 136.41 2.244 114.23
0.842 134.85 2.335 113.21
0.909 133.09 2.417 112.48
0.976 131.68 2.517 111.43
1.015 130.66 2.613 110.80
1.062 129.81 2.734 109.94
1.109 128.49 2.822 110.18
1.159 127.62 2.920 108.20
1.230 126.35 3.012 107.81
1.301 125.44 3.119 106.97
1.362 124.22 3.223 106.65
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Table C l 2. Conductimetric data for the titration of Rb+ and Cs+ (perchlorate as counter­
ion) with/>-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
Cl / CRb+ A,„ [S cm2 mol"1] Cl/ Ccs+ A m [S cm2 mol'1]
0.110 177.21 0.127 183.26
0.223 176.48 0.260 182.97
0.364 176.48 0.406 183.20
0.482 176.63 0.575 183.28
0.608 176.32 0.727 183.28
0.713 176.07 0.869 183.24
0.823 175.89 1.002 183.23
0.949 175.14 1.160 183.24
1.078 175.32 1.314 183.22
1.309 174.76 1.507 183.23
1.431 174.39 1.695 183.08
1.596 174.02 1.857 183.00
1.746 173.58 2.065 182.94
1.885 173.37 2.265 182.73
2.018 173.34 2.520 182.64
2.156 173.07 2.684 182.60
2.268 173.13 2.839 182.66
2.412 173.17 3.026 182.68
2.573 173.15
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Table C13. Conductimetric data for the titration of Ag+ and Mg2+ (perchlorate as counter­
ion) with/?-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
/ CAg+ A m [S cm2 mol’1] Cj / Cjvig2+ A m [S cm2 mol-1]
0.089 115.80 0.105 219.77
0.222 113.99 0.217 218.94
0.324 113.34 0.317 217.86
0.463 112.38 0.449 217.01
0.564 111.67 0.552 215.95
0.744 110.56 0.661 214.68
0.863 109.89 0.768 213.87
1.001 109.29 0.861 213.09
1.158 108.58 0.964 212.25
1.296 107.99 1.070 211.24
1.442 107.25 1.164 210.88
1.583 107.25 1.288 210.01
1.734 106.70 1.408 209.15
1.877 105.63 1.531 208.26
2.046 105.25 1.637 207.80
2.185 104.53 1.767 207.06
2.333 103.84 1.892 206.06
2.460 103.19 2.017 205.37
2.606 102.74 2.150 204.40
2.748 102.40 2.287 203.37
2.892 101.68 2.382 202.80
2.513 202.00
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Table C14. Conductimetric data for the titration o f Ca2+ and Sr2+ (perchlorate as counter­
ion) with j9-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
----------------------------    - ______________________________________Appendix C
Cl / Cc»2+ A m [S cm2 mol'1] Cl/ Csr2+ A m [S cm2 mol'1]
0.130 315.10 0.108 328.01
0.195 311.24 0.235 320.22
0.261 307.32 0.373 312.01
0.321 303.74 0.473 306.05
0.456 295.44 0.583 299.68
0.536 290.56 0.701 293.27
0.598 286.95 0.855 285.72
0.701 281.32 0.965 283.34
0.785 276.78 1.076 283.88
0.886 271.91 1.196 282.90
0.955 269.62 1.318 282.90
1.034 268.82 1.458 283.34
1.129 269.00 1.598 282.72
1.228 269.39 1.712 282.42
1.372 269.24 1.845 282.04
1.445 269.12 1.976 281.74
1.532 268.96 2.095 281.49
1.624 268.89 2.208 281.18
1.718 268.50 2,331 281.08
1.814 268.45 2.475 280.83
1.895 268.42
1.960 268.04
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Table CIS. Conductimetric data for the titration of Ba2+ and Cd2+ (perchlorate as counter­
ion) with/?-/er/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K .
   Appendix C
Cl / CBa2+ A m [S cm2 mol"1] Ci/ Ccd2+ A m [S cm2 mol"1]
0.084 331.18 0.192 332.73
0.204 325.91 0.274 327.46
0.340 318.34 0.363 321.86
0.448 312.32 0.437 317.29
0.564 306.40 0.514 312.91
0.688 301.18 0.696 302.33
0.819 294.93 0.782 297.77
0.953 288.81 0.877 294.05
1.086 285.02 0.974 292.36
1.210 283.57 1.066 291.79
1.362 281.98 1.157 291.52
1.474 280.92 1.257 291.31
1.585 280.26 1.433 291.19
1.684 279.50 1.538 291.07
1.835 279.12 1.628 291.04
1.976 278.36 1.700 291.04
2.102 277.95 1.780 291.03
2.199 277.78 1.859 291.03
2.314 278.09 1.975 290.95
2.391 278.08 2.084 291.01
2.450 278.04 2.328 290.82
2.464 290.93
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Table C l 6. Conductimetiic data for the titration of Pb2+ and Hg2+ (perchlorate as counter­
ion) with/?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K .
Cl / Cpb2+ A m [S cm2 mol'1] Cl / CHg2+ A m [S cm2 mol"1]
0.096 377.95 0.126 356.29
0.198 371.10 0.224 348.18
0.285 365.18 0.346 337.06
0.402 357.19 0.449 327.85
0.495 350.79 0.549 319.01
0.592 344.24 0.655 310.08
0.698 337.27 0.761 301.76
0.802 330.74 0.849 296.46
0.916 324.47 0.934 293.26
1.026 322.50 1.034 291.26
1.139 322.21 1.143 290.49
1.253 321.81 1.237 290.03
1.357 321.42 1.383 289.83
1.473 321.19 1.503 289.71
1.593 321.14 1.629 289.62
1.696 320.99 1.749 289.49
1.822 320.74 1.897 289.54
1.939 320.65 2.032 289.50
2.052 320.70 2.177 289.60
2.154 320.63 2.316 289.52
2.355 320.64 2.472 289.60
2.455 320.53
2.552 320.43
2.656 320.37
235
Appendix C
Table C17, Conductimetric data for the titration o f Zn2+ (perchlorate as counter-ion) with 
y?-ter/-butylcalix(4)arene tetraphenyl ketone in acetonitrile at 298.15 K.
C l/ Czn2+ A m [S cm2 mol"1] Cl / Czn2+ A m [S cm2 mol*1]
0.072 266.38 1.294 259.07
0.151 265.54 1.396 258.61
0.246 264.74 1.487 258.38
0.357 263.94 1.584 257.90
0.467 263.16 1.685 257.41
0.539 262.81 1.766 257.09
0.608 262.31 1.890 256.44
0.695 261.85 2.021 255.93
0.769 261.39 2.128 255.31
0.852 260.94 2.258 254.66
0.947 260.42 2.398 253.97
1.032 260.39 2.499 253.61
1.143 260.02 2.598 253.27
1.196 259.69 2.701 252.51
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Table C l 8. Conductimetric data for the titration of L i+ (perchlorate as counter-ion) with 
_p-/er/-butylcalix(4)arene tetraphenyl ketone in N, N-dimethylformamide at 298.15 K
Cl / CLi+ A m [S cm2 mol"1] Ci / CL|+ A m [S cm2 mol"1]
0.089 48.27 1.771 46.57
0.185 48.12 1.887 46.44
0.270 48.02 2.019 46.35
0.390 47.82 2.147 46.25
0.500 47.71 2.265 46.16
0.581 47.65 2.355 46.06
0.663 47.56 2.477 45.94
0.783 47.47 2.580 45.89
0.890 47.37 2.720 45.75
0.983 47.26 2.846 45.65
1.122 47.12 2.959 45.56
1.217 47.05 3.101 45.46
1.379 46.91 3.212 45.36
1.510 46.78 3.320 45.27
1.677 46.64 3.424 45.19
237
Appendix C
Table C19. Conductimetiic data for the titration o f Na+ (perchlorate as counter-ion) with 
/?-/er/-butylcalix(4)arene tetraphenyl ketone in N, N-dimethylformamide at 298.15 K
Cl / CNa+ A m [S cm2 mol'1] Cl / Crsa+ A m [S cm2 mol'1]
0.037 75.01 1.792 66.08
0.179 73.68 1.927 65.91
0.325 72.40 2.043 65.76
0.459 71.34 2.158 65.66
0.595 70.40 2.284 65.55
0.730 69.55 2.405 65.47
0.846 68.91 2.552 65.37
0.978 68.29 2.677 65.33
1.122 67.71 2.806 65.28
1.252 67.26 2.944 65.25
1.377 66.93 3.075 65.24
1.500 66.61 3.168 65.21
1.659 66.30 3.255 65.21
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Table C20. Conductimetric data for the titration o f Ag+ (perchlorate as counter-ion) with 
/?-terZ-butylcalix(4)arene tetraphenyl ketone in N, N-dimethylformamide at 298.15 K
Cl / CAg+ Am [S cm2 mol"1] Cl / cAg+ Am [S cm2 mol'1]
0.059 59.79 1.589 55.26
0.157 59.50 1.741 54.95
0.256 59.19 1.882 54.55
0.397 58.76 2.036 54.15
0.530 58.34 2.194 53.72
0.675 57.92 2.352 53.30
0.786 57.56 2.467 53.02
0.896 57.24 2.574 52.72
0.973 57.03 2.706 52.40
1.097 56.64 2.818 52.13
1.224 56.32 2.913 i 51.86
1.332 56.00 3.012 51.60
1.466 55.62
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Table C21. Conductimetric data for the titration o f Ca2+ (perchlorate as counter-ion) with 
/?-/er/-butylcalix(4)arene tetraphenyl ketone in N, N-dimethylformamide at 298.15 K
Cl / CCa2+ A m [S cm2 mol"1]
0.056 151.84
0.137 151.63
0.221 151.32
0.291 151.12
0.352 150.93
0.463 150.63
0.536 150.37
0.634 150.13
0.704 149.94
0.798 149.65
0.871 149.39
0.956 149.10
1.043 148.74
1.128 148.59
1.224 148.21
Ci / CCa2+ A m [S cm2 mol*1]
1.297 147.96
1.387 147.65
1.488 147.28
1.606 146.91
1.707 146.58
1.821 146.26
1.928 145.91
2.008 145.56
2.081 145.30
2.187 144.94
2.278 144.67
2.353 144.35
2.452 144.20
2.541 143.72
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Table C22. Conductimetric data for the titration o f Pb2+ (perchlorate as counter-ion) with 
jp-/er/-butylcalix(4)arene tetraphenyl ketone in N, N-dimethylformamide at 298.15 K
Cl / Cpb2+ A m [S cm2 mol"1]
0.117 126.49
0.186 126.20
0.247 125.87
0.330 125.53
0.409 125.22
0.462 124.99
0.526 124.73
0.590 124.50
0.666 124.05
0.766 123.84
0.852 123.49
0.934 123.22
1.006 122.90
1.092 122.53
Cl / Cpb2+ A m [S cm2 mol"1]
1.186 122.20
1.273 121.87
1.344 121.63
1.416 121.31
1.515 120.89
1.622 120.61
1.708 120.35
1.815 119.91
1.915 119.50
1.985 119.26
2.074 118.91
2.150 118.59
2.276 118.12
2.393 117.67
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APPENDIX D : CALORIM ETRIC COMPETITIVE TITRATIONS DATA
The log K ov and AH°0V values obtained from the competitive calorimetric titrations in 
acetonitrile at 298.15 K. Derived stability constants for />/er/-butylcalix(4)arene 
tetramethyl ketone and metal cation complexes, for which log K s > 6
reaction log K ov AH°0V / kJ mol"1 logKs [2-Mn+]
K +2 + Cd2+ -> Cd2+2 + K + 1.60 ±0.10 -13.2 ±0.6 (Cd2+); 6.4
Cd2+2 + Pb2+ -> Pb2+2 + Cd2+ 2.7 ±0.10 -38.6 ±0.7 (Cd2+); 6.6
L i+2 + Pb2+ Pb2+2 + L i+ 2.37 ±0.04 
2.50 ±0.10
-22.4 ± 0.4 
-21.6 ±0.5
(L i+); 6.9 
(L i+); 6.8
K +2 + Na+ -> Na+2 + K + 3.76 ±0.05 
3.82 ±0.07
-27.0 ±0.1 
-25.4 ± 0.3
(Na+); 8.6 
(Na+); 8.6
Ba2+2 + Na+ -+ Na+2 + Ba2+ 3.31 ±0.07 -30.2 ± 0.3 (Na+); 8.4
Sr2+2 + Pb2+ Pb2+2 + Sr2+ 1.36 ±0.09 -17.2 ±0.4 (Sr2+); 7.9
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PROGRAM 1. Writen by Dr D. A. Pacheco Tanaka and modified to be applied for the 
competitive calorimetric titration. Used to calculate total concentrations of the ligand 
and both metal cations involved in the complexation process after each step of the 
titration and the corresponding heat.
DIM A(100), B(100),C(100), AV(IOO), AQ(IOO), Q(100), T(100), V(100) 
color 14,12 
els
REM ### calculation of total [A],[B],VT, QT
print
print
print" ";date$;" ";time$
PRINT " program calla.bas TM (APT)"
print " ************** ********** <•
print" ********** PROGRAM CALLA.BAS ******************* «
PRINT" *************** APT 1999 ******************** »
PRINT" ************** DATA FOR TITRATION CALORY. ******** "
PRINT" •j* + + ti- ti* ti* ti* ti* ti* ti* ti* ti* *}' ti* ^  ti* ^  *}» ^  ^   ^^  ^   ^  ^  ^  ^^  ^  «|.  ^ n
INPUT "name...."; N$
LPRINT N$,date$,TIMES
INPUT " number of data N
INPUT "concentration in vessel"; CV
LPRINT using "concentration of ligand in vessel ###.###### "; CV 
INPUT "concentration of the metal in vessel"; CM 
LPRINT using "concentration of metal in vessel ###.##### "; CM 
INPUT "concentration in burette"; CB 
INPUT "rate of burette ...."; R
LPRINT using "concentration in burette ###.###### RATE ##.###### "; CB;R 
INPUT "j/s dilution...."; JS
LPRINT using "j/s dilution ###.##### number of data ### "; JS,n 
GOSUB 1000
65 INPUT "do you like to modify data? yes=l no=2"; MD 
IF MD = 1 THEN GOSUB 1100: GOSUB 1500: GOTO 65 
GOSUB 1600: GOSUB 2000 
REM ** print results # ###
PRINT " [A], [B], [C], AQ,AV"
print" No. [A] [B] [C] [A]/[B] "
FOR X = 1 TO N
PRINT using"### ##.###AAAA ##.###AAAA ##.###AAAA ###.#### ";x, A(X), B(X), 
C(X),a(x)/b(x)
NEXTX
LPRINT" Qi ti [Ai] [B i] [Ci] [A]/[B] AQ AV"
FOR X = 1 TO N
LPRINT USING" ##.#######.## ##.###AAAA ##.###AAAA ##.###AAAA ##.### ##.###"; 
Q(X); T(X); A(X); B(X); C(X); A(X) / B(X); AQ(X); AV(X)
NEXTX
INPUT " do you like to save? yes=l no=2"; SA
IF SA = 1 THEN GOSUB 8000
END
1000 REM **** input data ****
PRINT "input q ,t(seg)"
FOR X = 1 TO N
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PRINT X; V " ;
INPUT Q, T 
Q(X) = Q: T(X) = T 
NEXT X 
RETURN 
1100 REM ###### exchange data ####
INPUT "some data of t? yes=l no=2 . . MT
IF MT = 2 THEN GOTO 1220
INPUT "how many data NT
FOR X = 1 TO NT
INPUT "which data of t T Q
PRINT using" ####.#### ";T(TQ)
INPUT "new data . . NET: T(TQ) = NET 
NEXT X
1220 INPUT "some data of q? yes=l no=2 . . QT 
IF QT = 2 THEN RETURN 
INPUT "how many data NQ 
FOR X = 1 TO NQ 
INPUT "which data of q WQ
PRINT using" ###.##### ";Q(WQ)
INPUT "new data . . NEQ: Q(WQ) = NEQ 
NEXTX 
RETURN 
1500 REM #### view of data #####
CLS
FOR X = 1 TO N
PRINT using"### ###.###### ###.#### " ;X, Q(X), T(X)
NEXTX
RETURN
1600 REM ******** det of aq, av *******
FOR X = 1 TO N
AQ = AQ + (Q(X) - JS * T(X))
MLI = R * T(X)
AV — AV + MLI
AQ(X) = AQ: AV(X) = AV: V(X) = (AV + 50) / 1000 
NEXTX 
AV = 0: AQ = 0 
RETURN 
2000 REM *calc of a and b####
FOR X = 1 TO N 
B = CV * (50 / (50 + AV(X)))
A = CB * AV(X) / (50 + AV(X))
C = CM * 50 / (50 + AV(X))
A(X) = A: B(X) = B: C(X) = C
NEXTX
RETURN
8000 REM * * * * * *  SAVE DATA * * * * * *
OPEN "O", 1, N$
FOR X = 1 TO N
PRINT #1, B(X), A(X), C(X), AQ(X), V(X)
NEXTX 
CLOSE #1
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PROGRAM 2. W riten by Dr D. A. Pacheco Tanaka and modified to be applied for the 
competitive calorimetric titration. Used to calculate the KoV and AH0V for the 
displacement process using the data derived from PROGRAM 1.
REM ***** NL-RG*****
REM LPRINT " PROGRAM CALCOMP.BAS (APT 1999) AC + B= BC + A K(I)=K 
K(2)= H
KEY OFF 
SCREEN 0,0, 0 
COLOR 14,12 
CLS
P R IN T 11 ******************************************************** ii
PRINT" ************ PROGRAM CALCOMP + + + + sf* + + + + + tl
PRINT" ************ + -Q - gQ + J^  *********************** II
PRINT" ************** k (l)=  K k(2)= H ********************* »
PRINT" ****************** APT 1999 ********************** «
PRINT" ****************************************************** H
PRINT " DATE DATES;" TIME ";TIME$
INPUT"name........... "; N$
INPUT "number of points..."; MM 
ON KEY(l) GOSUB RUR 
KEY(l) ON
DIM CB(50), CA(50), VO(50), CC(50)
DIM WW(50), ZZ(50), YAY(50)
DIM A(20,20), B(20, 20), U(20,20)
DIM V(20, 20), W(20, 20)
DIM X(20), X9(20), F(20), F9(20)
DIM FO(20), H(20), K(20)
DIM XX(50), YY(50), Y(50)
GOTO 20000: REM jump to the main program 
300 REM ****************
REM ***** subrutine, invers *****
REM ****** input matrix in a() *****
REM ******* inverted matrix in w()***
REM ********************************
FOR 1=1 TO N 
FOR J = 1 TO N 
B(I, J) = 0 
V(I, J) = o
IF I <> J THEN GOTO 600 
B(I,J)=1 
V(I,J)=1 
600 NEXT J 
NEXT I
FOR Z = 1 TO N 
S = 0
REM *********************************
REM *** search for the pivot element**
REM  ***********************************
FOR I = Z TO N 
IF S > ABS(A(I, Z)) THEN GOTO 1300 
S = ABS(A(I, Z)): T = I 
1300 NEXT I
REM  *****************************
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REM **** lines z and t will be exchanged ***
FORI = 1 TON 
S = A(Z, I): A(Z, I) = A(T, I): A(T, I) = S 
NEXT I
IF ABS(A(Z, Z)) > IE-30 THEN GOTO 2400 
PRINT " no inversiion is possible END 
2400 V(Z, Z) = 0: V(T, T) = 0 
V(Z, T) = 1: V(T, Z) = 1
REM **** GAUSS-jORDAN ELIMINATION ********
REM! ***************************************
FOR1=1 TO N 
FOR J = 1 TO N 
IF I = Z THEN GOTO 4000 
IF J = Z THEN GOTO 4500 
U(I, J) = A(I, J) - A(Z, J) * A(I, Z) / A(Z, Z)
GOTO 5000 
4000 IF I = J THEN GOTO 4350 
U(I, J) = -A(I, J) / A(Z, Z)
GOTO 5000 
4350 U(Z, Z) = 1 / A(ZS Z)
GOTO 5000 
4500 U(I, Z) = A(I, Z) / A(Z, Z)
5000 NEXT J: NEXT I
REM *** MULTIPLICATHON B= V*B *****
FOR 1=1 TO N 
FOR J = 1 TO N 
W(I, J) -  0 
FORK = 1 TON
W(I, J) = W(I, J) + V(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
FOR 1=1 TO N: FOR J = 1 TO N 
B(I, J) = W(I, J)
NEXT J: NEXT I 
FOR 1=1 TO N 
FOR J = 1 TO N 
A(I, J) = U(I, J): V(I, J) = 0 
IF I = J THEN V(I, J) = 1 
NEXT J: NEXT I 
NEXT Z
REM *** THE RESULT IS OBTAINDED BY MULTIPLY *** 
REM *** ING MATRIX A WITH THE PERMUTATION **** 
REM ***** MATRIX B ****
REM ♦si:*******************:}!*****:}:*!)'************
FOR 1=1 TO N 
FOR J = 1 TO N 
W(I, J) = 0 
FOR K = 1 TO N 
W(I, J) = W(I5 J) + A(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
RETURN: REM END OF INVERS
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12000 REM ***********************************************
REM ***** SUBROUTINE : FUNCTIONS ***********
REM ***** THE FUNCTHONS, WHOSE ROOTS HAVE TO *****
REM ****** BECALC ELATED, ARE PROGRAMMED HERE *****
REM ****** ds/dK(j) *******
FOR J = 1 TO N: K(J) = X(J): NEXT J 
GOSUB 30000: FO = SS
FOR J = 1 TO N: DJ = ABS(X(J) / 1000!) + IE-08 
K(J) = K(J) + DJ: GOSUB 30000 
F(J) = SS: K(J) = K(J) - 2 * DJ: GOSUB 30000 
F(J) = (F(J) - SS) / 2 / DJ 
K(J) = X(J): NEXT J 
RETURN
15000 REM *******************************************
REM **** subroutine: partial ***
REM * * * the partial derivates at the po- *****
REM *** sition x9() are calculated and *****
REM ***** stpred in matrix a() *****
REM***** d(dS/dK(j))/ dk(i) ******
FOR 1=1 TO N: X(I) = X9(I): NEXT I 
GOSUB 12000: REM functions calling 
FOR I = 1 TO N: F9(I) = F(I): NEXT I 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) + DI: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = F(J3)
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: DI = ABS(X(I3) / 10000!) + IE-08 
X(I3) = X(I3) - DI: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = (A(J3,13) - F(J3)) / 2 / DI 
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: A(I3,13) = A(I3,13) + F6 : NEXT 13 
RETURN
19000 REM ************************************************
REM *** subroutine : OUPUT *******
PRINT
GOSUB 60000 
LOCATE 21,1
REM VIEW PRINT 19 TO 24 
FOR1=1 TO N
PRINT USING "K( # )= #######.## +/- ";I; X9(I);
PRINT USING" #######.## ";SQR(ABS(W(I, I) * SS / (NP-AWEI - N))) 
NEXT I
PRINT USING "SUM OF SQUARED ERRORS = ##.####AAAA "; SS
rem PRINT USING "factor #.##### "; SQR(SS / SSD)
PRINT " FI TO STOP"
RETURN
R E M  ***************************************************** 
20000 REM ************************************************** 
REM **** lines z and t will be exvhanged ***
REM*** MAIN PROGRAM *******
RF.M  ************************+************************
N = 2: REM NUMBER OF PARAMETERS
247
Appendix E
FF=1:SM=1E+30:ITT=1 
GOSUB 25000
PRINT " INPUT OF THE ESTIMATED PARAMETERS"
PRINT
FOR I = 1 TO N: PRINT "k("; I; ")=";
INPUT X(I): X9(I) = X(I): NEXT I 
20400 GOSUB 15000: REM pARTIAL DERIVATIVES 
GOSUB 300: REM MATRIX INVERSION 
FOR 1=1 TO N: H(I) = 0 
FOR J = 1 TO N: H(I) = H(I) + W(I, J) * F9(J)
NEXT J: NEXT I
GOSUB 19000: REM ouput
GOSUB 35000: REM optimization factor
FOR I = 1 TO N: X9(I) = X9(I) - FF * H(I): NEXT I
ITT =  ITT 4- 1
IF ITT = EIT THEN GOSUB 55000 
GOTO 20400
REM * * * main program ends here **********
REM ******** subroutine : read data ********
OPEN "i", 1,N$
FOR 1=1 TO MM
INPUT #1, CB(I), CA(I), CC(I), YY(I), VO(I)
NEXT I
QM1N = YY(1): QMA = YY(MM)
FOR I = MM TO 1 STEP -1
YYX = YY(I) - YY(I -1): YY(I) = YYX: WW(I) = 1
IF YYX > QMA THEN QMA = YYX
IF YYX < QMIN THEN QMIN = YYX
NEXT I
CLOSE #1
INPUT "do you like to weight the points ..yes=l no=2 WPO
IF WPO = 2 THEN RETURN
FOR 1=1 TO MM: WW(I) = 1: NEXT I
INPUT "how many points NWP
FOR BA = 1 TO NWP
INPUT "which point OP
INPUT "weight WEI
NWEI=NWEI+WEI 
WW(OP) = WEI 
AWEI=NWEI:NWEI=0 
NEXT BA 
FOR 1=1 TO MM
PRINT USING " ##.####AAA ##.###AAA ##.########.## ";CB(I); CA(I), YY(I), 
WW(I)
NEXT I 
RETURN
30000 REM ******************************************************
REM ******** subroutine : squared sum **********
REM ******* the sum of the squared desviations **********
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REM ******* is evaluated in this section **********
REM **4t4c^c4;4:^ c^ c*4:4:4:******4;^ :^ :^ ;4:4:4c***4:**4:^ *^4:4:4:4<4:4;4t^ :4:4:4;4c4:4:H:**
s s  =  o
FOR 1=1 TO MM 
GOSUB 50000: Y(I) = Y: Y = Y - YY(I)
SS = SS + WW(I) * Y * Y: SSD = YY(I) * YY(I) * WW(I)
NEXT I 
RETURN
35000 REM ***************************************************** 
REM ** Subroutine: optimum ********
REM *** the optimization factor ff is determinated here **
REM *****************************************************
FF = .6: FM = 0: DF = .5 
35310 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF + DF: GOTO 35310 
FF = FM - DF 
35335 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF - DF: GOTO 35335 
FOR J = 1 TO 7 
DF = DF / 2
FF = FM + DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF: GOTO 35430 
FF = FM - DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF 
35430 NEXT J 
FF = FM 
RETURN
35600 FOR I = 1 TO N: K(I) = X9(I) - FF * H(I): NEXT I 
GOSUB 30000 
RETURN
50000 REM *************************************************** 
REM ******** subroutine : function of regression *****
abk=(ca(i)+cb(i)+(cc(i)-cb(i))/k( 1))A2-4*ca(i)*cb(i) * (1 -1 /k( 1))
conc=((ca(i)+cb(i)+((cc(i)-cb(i))/k( 1 )))-sqr(abk))/2* (1 -1 /k( 1))
ZZ(I) = conc:ZZZ = conc*vo(i)- ZZ(I - l)*vo(i-l)
Y  = ZZZ * K(2): YAY(I) = Y 
RETURN
LPRTNT
LPRINT " PROGRAM CALCOMP APT(1992) AC + B =BC + A K(1) = K K(2) = H 
LPRINT N$
PRINT" Q cal Qobs Qcal-qobs"
LPRINT " I Q cal Qobs Qcal-Qobs % error"
FOR 1=1 TO MM 
ERRO = YAY(I) - YY(I)
PRINT USING" ##.##### ##.##### ###.##### ";YAY(I); YY(I); YAY(I) - YY(I)
LPRINT USING"## ###.##### ###.##### ##.###### ##.### #.## ## 
";I;YAY(I);YY(I);ERRO;ABS(100 * ERRO / YAY(I));WW(I)
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NEXT I 
FOR1=1 TO N
LPRINT USING "K ( # )  #########.## ";I;X9(I);
Iprint"+ /
LPRINT USING " #######.## SQR(ABS(W(I, I) * SS / (NP - N))) 
NEXT I
LPRINT USING " SUM OF SQUARED ERRORS = ###.####AAAA SS
HFR=SQR(SS/SSD)
LPRINT USING" factor #.##### hff ; 
rem LPRINT " ( "; N ; ", MM - N; " )" 
RETURN 
RETURN
60000 REM ############### graph ############## 
SCREEN 1 
CLS
VIEW (10, 10)-(300, 140),, 1
WINDOW (0, QMIN* 1.08 )-(MM*1.08, QMA * .9)
FOR 1=1 TO MM
PSET (I, YY(I)), 3
PSET (I, Y(I)), 1
NEXT I
RETURN
RUR:
INPUT " PRINT YES=1 NO=2 ";UTR 
IF UTR=1 THEN GOSUB 55000 
END
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